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Abstract
derived minerals in ophiolitic chromitites worldwide has challenged the previous hypotheses for 
ultra-high pressure conditions of formation for the chromite or recycling of the ophiolitic rocks 
chromitites and the associated ophiolitic rocks from the Moa-Baracoa massif in eastern Cuba and 
their formation, and understanding the related geodynamic processes.
neoformed Fe3+
Thorough petrographic analysis coupled with the chemical composition of the mineral phases 
allowed to determine the sequence of mineral formation and to propose a two-stage genetic 
the age of magmatism related to ophiolite construction in eastern Cuba.
like amorphous carbon, moissanite, native Cu and Si, Fe-Mn alloys, zircon, corundum, and 
14
Abstract
4
within olivine, and systematically associated with a typical serpentinization mineral assemblage 
that nanodiamond formed during low pressure and low temperature serpentinization in super-
f 2 f 2
4
of chromite or can represent silicate melt inclusions attached to the growing chromite grains. 
material derived from the subducting slab that was entrapped by the chromitite parental melts.
the comparison with the younger Cretaceous eastern Cuba chromitites and other Phanerozoic and 
Precambrian chromitites. It was possible to determine that the Bou Azzer chromitites formed in 
Cu, diaspore, and zircon formed after chromite crystallization and post-magmatic serpentinization 
processes, thus completely ruling out ultra-high pressure conditions.
minerals in the Cuban and Moroccan ophiolites. The corresponding discussions allowed to 
reject hypotheses of ultra-high pressure formation or recycling for the studied chromitites and 
the associated ophiolitic sequences and to ultimately provide simpler formation models for the 
at low pressure and low temperature conditions. Therefore, the presence of diamond in oceanic 
rocks, in particular chromitites, cannot be taken as a general indication of deep mantle recycling 
at ultra-high pressure conditions.
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Resum
interpreten que les cromitites s’han format, o bé s’han reciclat, en condicions d’ultra alta pressió 
que inclou cromita recristal·litzada rica en Fe3+
i l’estudi de la composició de les fases minerals ha permès determinar la seqüència de formació 
16
Abstract
aliatges de Fe-Mn, zircó, corindó i quars. Els grans de diamant estudiats són de mida nanomètrica, 
típiques de la serpentinització, com són minerals del grup de la serpentina i magnetita. Totes les 
f 2 f 2
el carboni amorf, els elements natius i els aliatges, també es van formar en microambients 
4 relacionats amb la serpentinització. En canvi, les 
silicatats. Les lamel·les orientades de rútil es van formar per la interacció de les cromitites amb 
podrien representar material derivat de la placa subduint que va ser atrapat pels magmes dels 
quals va cristal·litzar posteriorment la cromita.
cretàcica, i també amb altres cromitites fanerozoiques i precambrianes. S’ha pogut determinar 
en Cr a partir de boninites. Aquestes cromitites contenen inclusions de minerals del grup del platí 
els processos posteriors de serpentinització, descartant també les condicions d’ultra alta pressió.
De manera global, els resultats d’aquestes investigacions representen la primera descripció 
descartar la formació o el reciclatge en condicions d’ultra alta pressió de les cromitites i de 
de diamant en roques oceàniques com a indicador inequívoc de condicions d’ultra alta pressió o 
de profunditat elevada.
17
1. General overview
Since the onset of plate tectonics, it was made clear that 
oceanic lithosphere forms at spreading ridges and is consumed 
at subduction zones. For this reason, there is no oceanic 
lithosphere older than 200 Ma remaining in place nowadays 
et al. et al.
slices and fragments of ancient oceanic lithosphere, known as 
ophiolites, may be preserved accreted to continental margins 
Penrose Conference 
following years to include the different types of ophiolites not 
et al.
A typical ophiolitic sequence includes from bottom to top 
Fig. 1
1.1 Ophiolites
Figure 1. Schematic general 
sequence of a suprasubduction zone 
18
General overview
gabbronorite, norite, and anorthosite layers, with crosscutting pegmatitic gabbro and plagiogranite 
Fig. 1 e.g., 
and subduction-related ophiolites. Subduction-unrelated ophiolites include continental margin, 
mid-ocean ridge, and plume-type ophiolites, whereas subduction-related ophiolites include 
Fig. 2
petrological differences into subduction-initiation and back-arc basin ophiolites.
The study of ophiolites is fundamental to understand the processes of formation, deformation, 
it involves diverse geological disciplines including geochemistry, igneous and metamorphic 
petrology, and structural geology. Studies on ophiolites have shed light in many areas of Earth 
e.g.
instance, the oldest suprasubduction zone ophiolites, the 3.8 Ga Nuvvuagittuq ophiolite in Canada 
et al.
 Figure 2. 
19
Diverse origin and processes in the formation of diamond and other exotic minerals in ophiolitic chromitites
subduction processes might have been already active in the early Archean, much earlier than 
e.g.
et al.
e.g.
et al. et al. et al.
Monecke et al. et al. et al. et al.
e.g. et al.
Proenza et al. et al.
e.g., 
et al.
e.g., Lewis et al.
et al. et al. et al., 
e.g.
et al.
e.g.
Párraga et al.
et al.
e.g.
et al. et al. et al.
Fig. 3
from subduction-initiation to steady-state subduction and mature volcanic arc formation. In this 
Figs. 3 and 4 et al.
Fig. 4
 Figure 3. 
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mantle separation temperature for fore-arc 
et al. Fig. 5
 The composition of the mantle source 
evolves from lherzolitic unaffected by slab-
during the earliest subduction-initiation 
stage, towards more depleted harzburgite 
evolution of the mantle source, the erupted 
magmas evolve from early decompression 
et al. et al.
evolution is observed in the Izu-Bonin- 
et al., 
Figure 4. P-T phase diagram of harzburgite in the system 
SiO2-MgO-CaO-FeO-Al2O3
The theoretical subduction-initiation geotherm is displayed.
et al. et al.
Fig. 3
e.g. et al.
Fig. 3
e.g.
e.g.
ophiolites usually represent fore-arc lithosphere, since it is more easily emplaced onto incoming 
et al.
1.2 Ophiolitic chromitites
Fig. 1
Fig. 2 e.g.
et al.
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and typically show a dunite envelope of variable 
bears no apparent correlation in thickness 
e.g., 
González-Jiménez et al.
with chromitites, either included within or 
e.g.
et al.
e.g., Arai, 
et al.
are located below the Moho in the ophiolitic 
sequence, and high-Al chromitites are located in 
e.g., Proenza et 
al.
Chromite grains host a variety of primary 
inclusions dominated by pargasitic amphibole, 
diopside, enstatite, olivine, and aspidolite 
e.g., Melcher et al.
are usually heterogeneously distributed within 
chromite, have very variable sizes, and can be 
either mono or polymineralic. Platinum group 
typical in ophiolitic chromitites and usually 
e.g., 
Gervilla et al. et al., 
Secondary processes affecting the chromitites 
i.e.
Figure 5. Schematic model showing the magmatic 
et al.
Formation pressure and temperature constraints for the 
FAB and boninite are from Shervais et al.
boninite formation temperature is based on the boninite 
comprising 3 wt% H2
of pressure conditions. Since the pressure for boninite 
F - formation temperature, 
TC - crystallization temperature, DMM - depleted MORB 
mantle.
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et al. et al.
chromite concentration mechanisms and the geotectonic settings have not yet been completely 
et al. et al. et al.
Zhou et al.
et al.
1. Fractional crystallization of basaltic melts in magma chambers or conduits in the upper 
e.g. et al.
e.g., Zhou et al.
2. e.g., Zhou et al. et al., 
et al. et al.
3. 
e.g., González-Jiménez et al. et al.
et al. et al.
et al.
1.3 Exotic minerals in ophiolitic chromitites
chromitites, mostly in the Tibet and Polar Urals but also in chromitites from other locations 
Table 1
et al. et al.
Xiong et al. et al. et al. et al. et al.
Chen et al.
et al.
e.g. et al. et al. et al.
Table 1
et al.
Table 1
1. 
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with polycrystalline coesite, which represents former stishovite polymorph and indicates 
et al.
2 2
et al.
et 
al.
e.g. et al. et al.
2. 
et al. et al., 
e.g. f 2 
et al. et al.
3. 
These include zircon, quartz, corundum, K-feldspar, kyanite, andalusite, almandine garnet, 
et al., 2015 and 
e.g. et al. et al.
may also indicate crystallization at deep mantle conditions, for instance, corundum with TiSi 
et al.
previous hypothesis for chromite formation and set off the need for new geodynamical models to 
et al. et al.
et al. et al. et al. et al., 2015, 
Table 1.  
et al. et al. et al. et al.
et al. et al. et 
al. et al. et al.
et al. et al. 
Miura et al. et al. et al.
from Lian et al. et al. 
et al. et al.
from Farré-de-Pablo et al. et al. et al.
and Pujol-Solà et al. et al.
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et al. et al. et al. et al., 
et al. et al.
e.g., 
• Subduction-recycling model
Chromitites formed in the shallow suboceanic lithospheric mantle are recycled into the deep 
and harzburgites, at spreading centers. Crustal minerals are incorporated during chromite 
et al. et al., 
• Plume model
et al., 
formed in the MTZ but crustal minerals are derived from deep subducted material. Chromite 
is later transported from the MTZ to mid-ocean ridges by mantle plumes and distributed 
et al. et al. et al.
et al.
• 
In this model, crustal minerals derived from subducted slabs are encapsulated into chromite 
grains that crystallize from rising asthenospheric melts and SSZ melts during subduction-
et al.
et al.
et al.
• 
et al.
• Cold plumes
Inherited zircon grains and other continental crust-derived minerals within ophiolitic 
chromitites could be transferred from the subducted slab to the mantle wedge by cold plumes 
et al.
et al.
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1.4 Hypothesis and objectives
in many ophiolitic chromitites worldwide. The leading hypothesis is that this association is 
suprasubduction zone ophiolitic chromitites from the Cretaceous Moa-Baracoa ophiolitic massif 
in eastern Cuba and the Neoproterozoic Bou Azzer ophiolite in Morocco.
The main goal is to understand the petrological processes that allow the formation or the 
ophiolite-forming geodynamic processes.
• 
ophiolitic rocks of different ages.
• 
• 
minerals by geochemical analyses, as well as to estimate the temperature, pressure, and f 2 
conditions of formation.
• 
minerals in chromitites and ophiolitic peridotites.
• 
1.5 Areas of study
The two selected areas of study are the Eastern Cuba ophiolites and the Bou Azzer ophiolite, 
1.5.1 Eastern Cuba
The ophiolitic rocks in Cuba outcrop for more than 1000 km along the northern coastline of 
et al.
et al.
et 
al. et al. et al. et 
al. et al.
27
Diverse origin and processes in the formation of diamond and other exotic minerals in ophiolitic chromitites
et al.
located deeper than Mercedita, below the Moho, and it is crosscut by different generations of 
et al.
et al.
1.5.2 Bou Azzer
The Neoproterozoic Bou Azzer ophiolite is located in the central Anti-Atlas region of Morocco. 
It was obducted into the western margin of the West African craton during the Panafrican orogeny 
et al. et al.
has been largely affected by post-magmatic processes, including metamorphism at greenschist 
et al.
the syn-orogenic Tiddline clastic formation. It is interpreted to have formed in a suprasubduction 
et al.
et al.
et al. et al.
2 3
et al.
et al.
1.6 Published articles
Table 2
summary of each article is provided below.
1.6.1 Article 1
et al.
between mantle residual peridotites and layered gabbros of the lower crust, and it is characterized 
et al. et al.
2 2 3, 
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N. Title Authors Journal Status
1
Fe-Ti-Zr metasomatism 
in the oceanic mantle due 
Pujol-Solà, N., Proenza, 
J.A., Garcia-Casco, A., 
González-Jiménez, J.M., 
Garrido, C.J., Melgarejo, 
J.C., Gervilla, F., Llovet, X.
Lithos
Published 
358-359, 
2
An Alternative Scenario 
Study from the Mercedita 
Pujol-Solà, N., Proenza, J., 
Garcia-Casco, A., González-
Jiménez, J., Andreazini, A., 
Melgarejo, J., Gervilla, F.
Minerals
Published 
3
Diamond forms 
during low pressure 
serpentinisation of 
oceanic lithosphere
Pujol-Solà, N., Garcia-
Casco, A., Proenza, J.A., 
González-Jiménez, J.M., 
Canals, A., Sánchez-Navas, 
Geochemical Perspectives 
Letters
Published 
4
The chromitites of the 
Neoproterozoic Bou 
revisited
Pujol-Solà, N., Domínguez-
Carretero, D., Proenza, 
M., González-Jiménez, 
Garcia-Casco, A.
Published 
v. 134, 
Table 2. List of publications included in the Ph.D. thesis. The underlined author is the corresponding author. The two 
journal covers were requested by the editors after the articles’ acceptance.
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2 3
González-Jiménez et al. Article 1, a detailed characterization of the mineral phases 
that formed after the interaction of the chromitites and the evolved gabbroic dikes is presented. 
the Fe-Ti-Zr modal metasomatism of the chromitites derived from their interaction with highly 
evolved tholeiitic melts.
1.6.2 Article 2
The Mercedita deposit is considered the largest and most important chromite deposit in 
et al.
massif, around 250 m below the layered gabbro unit. The chromitite bodies are tabular to 
et al.
show dunite envelopes of variable thickness and the contacts are usually sharp. The chromite 
2
et al.
dikes. It is important to highlight that these gabbroic rocks show no evidence of metamorphism. 
serpentinization, which produced the partial replacement of olivine by serpentine-group minerals, 
in situ
in mineral concentrates obtained after hydroseparation of 2.7 kg of chromitites are described 
obtained data are discussed within the framework of chromitite genesis during the formation and 
geological evolution of the Caribbean region. Besides, the previously suggested models that were 
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1.6.3 Article 3
in situ 4-
gabbro and 16 inclusions within interstitial olivine in a chromitite from the Moa-Baracoa 
grains as well as a discussion of the processes and conditions for metastable diamond formation in 
the oceanic lithosphere. In this line, a mass balance model and thermodynamic calculations using 
1.6.4 Article 4
The Neoproterozoic Bou Azzer ophiolitic chromitites represent a good window to study old 
e.g. et al., 
et al.
in situ and in mineral concentrates obtained 
X-ray maps. This paper aims to propose a genetic model for the Bou Azzer chromitites, in the 
and geochemical data combined with previous knowledge. For this purpose, the effect of post-
magmatic processes on the chromite composition, the parental melts that formed the chromitites, 
formation are discussed. Additionally, a comparison with other Precambrian ophiolitic chromitites 
elsewhere is provided. 
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2. General results
2.1 Interaction zone between chromitite and gabbroic intrusions 
Article 1 in Table 2
1. 
is strongly enriched in trace elements, notably in Zr. The mineralogy of the gabbroic dikes 
2. The interaction zone between the chromitites and the gabbroic melts is characterized by 
metasomatic phases include recrystallized Fe3+
chlorite, ferrian-chromite, magnetite, actinolite-tremolite, rutile, and titanite.
3. 3+ 3+
3+ 2+
2
4. Ti-rich amphibole forms large crystals and coronas around chromite grains. The composition 
84-94
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86-91
5. 3
anhedral grains within chromite and at the chromite rims. Ilmenite hosts F-rich apatite and 
6. Zirconolite composition deviates from the ideal CaZrTi2 7, with very low U and Th contents, 
2 3
2 3
7. Trace elements are presented for the different minerals, including chromite, amphibole, 
8. 
2.2 Exotic minerals in high-Al chromitites
Article 2 in Table 2
1. Unaltered chromite grains host the typical randomly distributed and occasionally clustered or 
2. 
replacement of the gabbro by the chromitite. Similarly, a transition zone is observed close 
to the dunite host, in which olivine inclusions are much more abundant within chromite and 
these show the same optical orientation as olivine in dunite.
3. 
• Mineral inclusions in situ
grains far from the contact with the gabbro sills whereas rutile lamellae are only found in 
chromite grains close to the chromitite-gabbro transition.
• 
along several grains. The size of the single inclusions ranges from submicrometric to 
corundum, and quartz.
• 
two replicate thin sections. Single crystal X-ray microdiffraction showed that the studied 
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6H polytype, which is the most common 
polytype of moissanite in nature.
• 
by Ca-carbonate envelopes, and zircon grains.
chromitite
adjacent mineral grains and that represent secondary healed fractures were studied in detail in 
Article 3 Table 2
1. 
chlorite, amorphous carbon, and calcite. Brucite was not detected in any of the studied 
inclusions.
2. -1 
Many diamond-bearing inclusions are located below the polished surface of olivine.
3. 
enveloped by polygonal serpentine and associated with magnetite. Also, these techniques 
anthropogenic origin of the diamond.
4. 
5. 4 in olivine from both gabbros and 
2 is distinguished in olivine-hosted inclusions from chromitites.
6. 
2.4 Neoproterozoic chromitites from Bou Azzer
Articles 1-3
results of Article 4 Table 2
1. 
34
General results
ophiolitic chromitites.
2. The unaltered chromite cores show Cr2 3 2 3 
intermediate-Cr chromite.
3. Chromite cores are generally unaltered and there is variable alteration along rims and fractures, 
more intense in the intermediate-Cr chromite than in the high-Cr chromite and in the semi-
massive chromitites compared to the massive chromitites.  
4. 
the host dunites, the PGE content is between 3 and 30 ppb, which is very low compared with 
previous studies.
5. 
microns were distinguished in situ
2
primary magmatic PGM by a secondary highly heterogeneous PGM, probably irarsite, which 
in some cases is intergrown with silicates. 
6. 
• In situ
• 
chromite. The inclusions are heterogeneously distributed, clustered, or arranged along 
trails.
• Super-reduced phases in mineral concentrates include moissanite and native Cu grains.
• 
or serpentine inclusions.
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3. Summary of the overall 
discussions
The metasomatic interaction of gabbroic melts 
with the Potosí chromitites resulting in the formation 
discussed in Article 1. The observed mineralogy 
in the Potosí metasomatized chromitites shows 
characteristics that resemble those from SCLM 
settings, kimberlites, carbonatites, or alkaline 
zirconolite in ophiolitic chromitites and the studied 
grains have compositions similar to zirconolite 
hosted in potassic lavas and lunar basalts. Even 
though these unusual minerals can form in very 
diverse geodynamic settings, a simple integrated 
model conceptualized in a suboceanic mantle 
Fig. 6
3.1 Fe-Ti-Zr metasomatism in the oceanic lithosphere
Figure 6. Schematic relations between the observed 
mineral assemblage in the metasomatized chromitite, 
located at the interaction zone between the gabbroic 
dikes and the ordinary ophiolitic chromitite. From 
Article 1.
1. 
et al., 2020 for the interpretation of the S-bearing 
2. Ti-rich amphibole has a magmatic origin, as indicated by the low F and Cl contents. It formed 
36
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et al.
3. Mg-rich ilmenite crystallized after amphibole crystallization as a result of Fe-Ti saturation 
in the melt, similar to the srilankite-bearing gabbroic veins that crosscut oceanic peridotites 
reported by Morishita et al.
4. 
mineral in the metasomatic process.
5. 
et al.
6. Zircon coronas around large ilmenite grains suggest high temperature for effective diffusion 
et al., 
melts in Potosí.
1. 
melts strongly enriched in incompatible elements via intercumulus fractional crystallization.
2. 
e.g., 
Morishita et al.
et al. et al.
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3.2 Exotic minerals in high-Al chromitites from eastern Cuba ophiolites
Table 1
Articles 2 and 3
conditions were not observed in the ophiolitic rocks and a different hypothesis of formation is 
discussed.
3.2.1 Nominally UHP mineral phases
et al.
2 4-structured high-pressure polymorph 
et al.
2
et al. et al.
the result of crystallization of minute melt inclusions encapsulated during the growth of chromite 
et al. 2 and 
et al.
Fig. 7
et al.
chromitite-gabbro transition, indicating that the contact with the gabbro was a reaction zone that 
2
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3.2.2 Super-reduced (SuR) conditions and serpentinization
et al.
empirical studies, moissanite can form at super-reduced conditions regardless of the prevailing 
et al. et al. et al., 
et al. et al.
some of the super-reduced phases found in ophiolitic chromitites might be unstable at the deep 
et al.
Therefore, moissanite, graphite, native elements, and alloys are interpreted to have formed in 
serpentinization. A similar interpretation was already suggested by Melcher et al. 
4
4
et al. 4
e.g., Bougault et al., 
4 can be generated as a by-product of serpentinization 
et al.
The suggested hypothesis is that moissanite and graphite-like amorphous carbon from the 
2 2
f 2 
conditions were also suitable for the formation of native Si and Cu and Fe-Mn alloys.
Figure 7. Schematic diagrams showing the evolution of crystallizing chromite and a plausible model for the formation 
et al.
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3.2.3 Metastable formation of diamond during serpentinization
et al.
grains reported by Farré-de-Pablo et al.
et al. et al.
et al., 
4
from unmetamorphosed gabbros and chromitites from the Potosí area in the Moa-Baracoa massif 
Article 3
4
within the inclusion, surrounded by serpentine, and there is a lack of polishing debris or resin that 
e.g., Dobrzhinetskaya 
et al.
Fig. 8
et al.
e.g., Lamadrid et al. et al., 
2Mg2 4 2 3Si2 5 4 2
3Fe2 4 2 3 4 2  
2 2 4 2
4 2 2
2 3Si2 5 4 2
Fluids react with the walls of the hosting olivine forming hydrated minerals such as serpentine 
and brucite . As observed in reaction 
2. The production of hydrogen allows the consumption 
40
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2 4 
If this process continues, it can ultimately reach carbon saturation and precipitate graphite or 
diamond . As observed in reaction 2 
lack of brucite in the studied inclusions. Figure 8 shows the schematic evolution within one of 
nanodiamond.
 Thermodynamic modeling with the 
f 2
f 2 Fig. 9
reference P-T point typical for serpentinization 
i.e. et al.
Grozeva et al.
Figure 8.
is 8 μm.
Figure 9. Phase relations in the C-O-H system with indication of fO2
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• The formation of nanodiamond in altered olivine-bearing rocks could be a widespread 
• 
3.2.4 Continental crust-derived minerals
The continental crust-derived minerals in the Mercedita chromitites include zircon, quartz, 
and corundum grains. Proenza et al.
et al., 
K-feldspar, quartz, biotite, apatite, and ilmenite inclusions, indicating that zircon crystallized 
from crustal magmas. Therefore, continental crust-derived minerals in ophiolitic chromitites are 
et al., 
et al. et al.
3.3 Comparison of the Bou Azzer Neoproterozoic and the eastern Cuba 
Cretaceous chromitites
the previously studied eastern Cuba chromitites, a detailed characterization of the Bou Azzer 
chromitites is provided. The topics discussed in Article 4
1. Element mobility during alteration
Fe2+ and a decrease in Al and Mg, followed by an increase in Fe3+. A later stage of alteration 
3+ et al.
et al.
typical for SSZ chromitites.
2. Parental magma compositions
Two types of parental melts were obtained based on the compositions of the unaltered 
et al.
Zaccarini et al.
and boninites for the high-Cr chromitites. The association of these melts only occurs in fore-
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et al.
Whattam et al.
3. PGE signature and PGM formation
primary PGE, causing the segregation of IPGE nanoparticles within laurite and the formation 
of secondary irarsite. Dunites hosting the chromitites have very low PGE concentrations, 
et al.
leaching.
4. 
grains, with apatite or serpentine inclusions, could either have formed after the interaction 
of chromitite with mantle-derived melts or could represent subducted detrital sediments 
later incorporated into the chromitites. This simple interpretation for the formation of the 
for the Bou Azzer chromitites.
5. Comparison with Precambrian chromitites elsewhere
There is a very limited number of Precambrian compared to Phanerozoic ophiolitic chromitites 
Article 4
chromitites, but clear correlations cannot be observed because most chromitites need further 
chromitites is similar to other Neoproterozoic chromitites from the Arabian-Nubian shield, 
which are also related to the Panafrican orogeny.
6. Geodynamic setting and tectonic implications
The composition of the studied chromitites, together with the inferred parental melts, indicate 
that their formation took place in a fore-arc setting during subduction-initiation. In this 
Fig. 10
by initial spreading of oceanic crust and melting of the nascent mantle wedge, with little or no 
Fig. 10a
Fig. 10b
follows the same processes recognized in the Cretaceous eastern Cuba ophiolitic chromitites.
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Figure 10. Schematic geodynamic setting for the formation of the Bou Azzer chromitites in a subduction-initiation 
geodynamic setting. From Article 4.
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4. Concluding remarks
1. The intrusion of evolved gabbroic melts within the Potosí chromitites triggered the formation 
melt producing a crystallizing mush plus water-rich residual melts enriched in incompatible 
residual melts with the surrounding chromitites, triggering the modal metasomatism in the 
chromitites. This process likely occurred near solidus conditions, in a solidifying mush in 
dike intrusions, allowing the melts to stagnate, differentiate, and react with the surrounding 
related to ophiolite construction in eastern Cuba.
2. 
• 
during cooling of chromite and after interaction with adjacent gabbros that show no 
• 
Si, native Cu, and Fe-Mn alloys formed during serpentinization of chromitites and the 
host peridotites. These phases can precipitate in super-reduced microenvironments 
formation of hydrated minerals such as serpentine and brucite progressively reduces 
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4-rich environments that can reach 
f 2 f 2 f 2
and eventually reach carbon saturation.
• 
subducting slab that was entrapped by the chromitite parental melts formed at the supra-
subduction zone mantle, perhaps involving cold plumes.
3. 
minerals formed after the crystallization of chromite and during the alteration related to the 
Bou Azzer ophiolite sequence can be completely ruled out, similar to what is observed in and 
interpreted for the eastern Cuba ophiolitic chromitites.
4. 
described in many ophiolitic chromitites and associated peridotites worldwide, can form at 
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Ti-rich amphibole, Mg-rich ilmenite, baddeleyite, zirconolite, srilankite, and zircon are important high-field-
strength elements (HFSE) bearing phases in the Potosí chromitite bodies located in the Moho Transition Zone
of the Cretaceous Moa-Baracoa suprasubduction zone ophiolite (eastern Cuba). Such HFSE-bearing phases
were found in the interaction zone between gabbroic intrusions and chromitite pods. In addition to HFSE-
bearing minerals, the studied samples are composed of Fe3+ and Ti-rich chromite, olivine (Fo86-90),
clinopyroxene (En44-49), plagioclase (An51-56), orthopyroxene (En84-94), F-rich apatite, and Fe-Cu-Ni sulfides.
The studied ilmenite hosting Zr oxides (baddeleyite, zirconolite, and srilankite) contains up to 13 wt.% MgO.
The Potosí zirconolite is the first record of this mineral in ophiolitic chromitites and non-metamorphic ophiolite
units, and it has relatively high REE contents (up to 10wt.% of REE2O3) and the highest concentrations inY2O3 (up
to 11 wt.%) reported so far in zirconolite from terrestrial occurrences. Zircon is observed forming coronas sur-
rounding ilmenite grains in contact with silicate minerals, and is characterized by very low U and Pb contents.
The zircons formed after high temperature Zr diffusion in ilmenite (exsolution) and a subsequent reaction
along grain boundaries following crystallization. Finally, U-Pb dating of baddeleyite exsolutions within ilmenite
yielded an average age of 134.4 ± 14 Ma, which provides the first ever dating for a metasomatic event in Potosí
that matches well (within uncertainty) the formation age of the oceanic crust of the eastern Cuba ophiolite. We
propose that the occurrence of HFSE- and REE-bearing minerals in the Potosí chromite deposit is the result of a
two stage process: first, water-rich and HFSE-rich residual melts are produced by intercumulus crystal fraction-
ation after an evolvedMORB (BABB)-likemelt; and secondly, these residualmelt fractions escaped the solidifying
mush and extensively reacted and metasomatized the surrounding chromitites, crystallizing HFSE- and REE-
bearing minerals and Fe-Cu-Ni sulfides.
© 2020 Elsevier B.V. All rights reserved.
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1. Introduction
Mantle metasomatism is a process by which the infiltration of melts
or fluids through the Earth’s upper mantle produces chemical and/or
mineralogical modification of peridotites and associated rocks
(Bodinier et al., 1990; Constantin, 1999; Menzies and Hawkesworth,
1987). This process leads either to the removal or addition of compo-
nents of the original rock to varying extents, depending on the
melt-fluid/rock ratio, the compositional nature of the metasomatic
agent and the mode of infiltration (i.e., porous flow versus open frac-
tures; O'Reilly and Griffin, 2013). As a result of variable melt/rock ratios
through the upper mantle, metasomatism leaves behind different fin-
gerprints in the infiltrated rocks such as newly formed minerals
(Bedini et al., 1997; Bodinier et al., 1990). These minerals may be dis-
tinct to those originally forming the peridotite, giving rise to the so-
called modal metasomatism, or alternatively they are identical to
those already existing in the upper mantle rock, which produce the
so-called stealth metasomatism (O'Reilly and Griffin, 2013). Recent ad-
vances of in-situ microanalytical techniques such as laser ablation
ICPMS have allowed to better define the third style of metasomatism,
known as cryptic metasomatism, produced under low melt/rock ratios
and characterized by the modification of the distribution of major,
minor, and trace elements in peridotite-forming minerals (O'Reilly
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andGriffin, 2013 and references therein). To date,most efforts in under-
standing mantle metasomatism have been focused on the study of ul-
tramafic xenoliths and exhumed ultramafic massifs that have sampled
the subcontinental lithospheric mantle (SCLM) underlying cratonic
and off-craton regions of the Earth (Bodinier et al., 2008; Coltorti et al.,
2004; Le Roux et al., 2007; Lenoir et al., 2001; Soustelle et al., 2009). In
the SCLM, these three styles of metasomatism are very well preserved
and have been identified to originate via a variety of metasomatic
agents, including supercritical fluids and a variety of silicate liquids in-
cluding silica-saturated, high-Na and high-K alkaline basaltic, as well
as kimberlitic and carbonatitic compositions (e.g., Bodinier et al.,
1990; Ionov et al., 1999; Coltorti et al., 1999, 2000; Grégoire et al.,
2000; Laurora et al., 2001; Dawson, 2002; Lorand et al., 2004;
Scamberulli et al., 2009; González-Jiménez et al., 2014a; Akizawa
et al., 2017; Tassara et al., 2018). However, modal metasomatism is rel-
atively underexplored in the mantle rocks of “normal oceanic litho-
sphere”, as numerous studies focused on oceanic islands such as
Hawaii, Kerguelen or Canary islands.
Reactive melt percolation, partial dissolution, and melt crystalliza-
tion are common processes in extensional settings, causing large com-
positional variations in the lithospheric mantle (Bodinier and Godard,
2003; Kelemen et al., 1995a, 1995b; Rampone et al., 2018; Warren
and Shimizu, 2010 and references therein). The resulting lithologies in
the thermal boundary layer (TBL) and in the lithosphericmantle include
replacive harzburgites, dunites, and impregnated peridotites with pla-
gioclase and pyroxene (Basch et al., 2019a, 2019b; Rampone et al.,
2018 and references therein). Ascending melts also lead to the forma-
tion of gabbroic rocks (olivine-gabbro, gabbro, gabbronorite, and
ferrogabbro or oxide gabbro), often emplaced as intrusive dikes cross-
cutting peridotites in slow- (e.g., Morishita et al., 2004) and fast-
spreading environments (e.g., Constantin, 1999). Morishita et al.
(2004) reported an example of extreme metasomatism in the
slow-spreading SW Indian Ridge, where extremely differentiated
mantle-derived melts infiltrate oceanic peridotites thus forming Fe-Ti-
rich gabbroic veins with a complex mineral assemblage including
srilankite, Mg-rich ilmenite, apatite, and rutile.
Similar processes, such as multi-stage melt infiltration and
magma-peridotite interaction, are recorded in many ophiolites
(Kelemen et al., 1992, 1995b; Python and Ceuleneer, 2003), espe-
cially in the Moho Transition Zone (hereafter MTZ) of ophiolitic
sequences. The MTZ, located between residual peridotites and lay-
ered crustal gabbros, is characterized by variable thickness but
significant lateral continuity of a rock assemblage made of
harzburgites, dunites, chromitites, wehrlites, troctolites, pyroxe-
nites, in addition to gabbroic sills and dikes. Many bodies of dunite,
wehrlite, troctolite, and websterite originated from impregnation of
residual peridotites (e.g., Marchesi et al., 2006), while extensive
melt-rock interaction by reactive porous flow leads to selective en-
richment in incompatible elements (Basch et al., 2019a).
Eastern Cuban ophiolites are characterized by large exposures of the
MTZ, where interaction between residual peridotites and percolating
melts have resulted in the formation of dunite bodies and associated
chromitites (Marchesi et al., 2006; Proenza et al., 1999a). In the Potosí
chromite deposit, Proenza et al. (2001) reported a very peculiarmineral
assemblage made up of Fe-Ni-Cu sulfides, apatite, amphibole, and un-
identified oxides of Ti, Zr, Y, Ca, Fe, Hf, and REE along the contact be-
tween the chromitite pods and intruding gabbroic dikes.
The present study explores in detail the metasomatic
assemblage and major and trace element composition of uncommon
HFSE-bearing minerals (Mg-rich ilmenite, Hf-bearing baddeleyite,
REE-rich zirconolite, srilankite, zircon) found in the interaction
zone between gabbroic intrusions and chromitite pods. This is an
unprecedented scenario where a highly evolved tholeiitic melt
interacted with chromitite in the MTZ, producing a unique metaso-
matic assemblage enriched in Fe, Ti, Zr, and other high-field-strength
elements (HFSE).
2. Geological setting
The Mesozoic Cuban ophiolite belt, that outcrops discontinuously
over more than 1,000 km along length of the island (Fig. 1a), represents
the largest exposure of ophiolites in the Caribbean region (Garcia-Casco
et al., 2006; Iturralde-Vinent, 1996; Iturralde-Vinent et al., 2016; Lewis
et al., 2006). This belt represents slices of oceanic lithosphere obducted
during Latest Cretaceous to Eocene times as a consequence of the colli-
sion of the Caribbean volcanic arc with the Jurassic-Cretaceous passive
margins of the continental Maya block and the Bahamas platform
(Iturralde-Vinent et al., 2006, 2016; Garcia-Casco et al., 2008a).
In Eastern Cuba, ophiolitic bodies are grouped into theMayarí-Bara-
coa Ophiolite Belt (MBOB). This region is characterized by NE-directed
tectonic nappes accreted in the Late Cretaceous – Earliest Paleocene
(Cobiella-Reguera, 2005; Iturralde-Vinent et al., 2006). These nappes in-
clude Early to Late Cretaceous oceanic arc sequences (Marchesi et al.,
2007; Proenza et al., 2006), some of them subducted during the latest
Cretaceous (Garcia-Casco et al., 2008a and references therein), the
MBOB (Proenza et al., 1999b) and closely associated Early Cretaceous
low-P and high-P (subduction-related) serpentinite-matrix mélanges
(Garcia-Casco et al., 2008b; Blanco-Quintero et al., 2010, 2011; Lázaro
et al., 2009, 2016; Cárdenas-Párraga et al., 2017), a Late Cretaceous
metamorphic sole (Lázaro et al., 2013, 2015), and high-pressure meta-
morphosed passive-margin sediments of the Caribbeana terrane
(Garcia-Casco et al., 2008a and references therein). The MBOB
(170 km long, 10–30 km wide) comprises two allochthonous massifs
separated by major fault zones: the Mayarí-Cristal (exposing 5 km of
mantle section) to thewest and theMoa-Baracoa (2.2 kmof peridotites)
to the east (Fig. 1b; Proenza et al., 1999a, 1999b; Marchesi et al., 2006).
The ophiolite includes the mantle and crustal sequences, is highly dis-
membered, and represents MOR-like lithosphere formed in the
suprasubduction zone setting of the intra-oceanic Caribbean arc
(Gervilla et al., 2005; Marchesi et al., 2006, 2007; Proenza et al.,
1999b, 2018). More than 250 chromite deposits and occurrences have
been described in the MBOB (Gervilla et al., 2005; González-Jiménez
et al., 2011; Proenza et al., 1999b). They are divided into three mining
districts according to the composition of chromite forming the
chromitite ore: Mayarí (high-Cr), Sagua de Tánamo (high-Cr and
high-Al) and Moa-Baracoa (high-Al) (Fig. 1b).
2.1. The Moa-Baracoa ophiolitic massif
The Moa-Baracoa massif consists of mantle tectonite harzburgite
with subordinate dunite and a MTZ associated with layered gabbros
(about 500 m thick) and mafic volcanic rocks (Fig. 1c; Marchesi et al.,
2006). Towards the top of the mantle tectonites, harzburgite contains
increasing amounts of dunite, gabbro sills, and chromitite, all forming
elongated pseudotabular bodies oriented parallel to the foliation of the
host harzburgite, as well as discordant dikes of wehrlite, troctolite, oliv-
ine gabbro, and pegmatitic gabbro (Flint et al., 1948; Guild, 1947;
Marchesi et al., 2006; Proenza et al., 1999a, 1999b, 2001). The perido-
tites and layered gabbros are in tectonic contact with the pillow basalts
of theMorel formation (88–91Ma; Iturralde-Vinent et al., 2006), which
show a back-arc geochemical affinity. Marchesi et al. (2006) established
the genetic link between theMorel formation and the cumulate gabbros
of theMoa-Baracoamassif. Therefore, theMoa-Baracoa OphioliteMassif
is interpreted to have formed in a back-arc environment (Gervilla et al.,
2005; Lázaro et al., 2015; Proenza et al., 2006).
2.2. The Potosí chromitites and the gabbroic intrusions
The Potosí chromitites are located 800 m deeper than the layered
gabbros forming the MTZ at the Moa-Baracoa Ophiolitic Massif
(Fig. 1c) (Proenza et al., 2001). They form lenses of variable sizes and
irregular shapes (tabular to lenticular) hosted in dunite within
harzburgite. The bodies are oriented N 40° E to N 74° E with dips
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between 32° and 45° to the NW, usually filling the foliation of the host
peridotites. Several generations of gabbroic intrusions crosscut the
chromitite bodies, usually following pull-apart fractureswith brecciated
zones at their margins (Fig. 2a–d; Proenza et al., 2001). Dikes have
highly variable thicknesses, froma few centimeters to 2macross and lo-
cally show a distinct grain-size zoning with pegmatitic textures in the
dike cores that reach grain sizes larger than 15 cm (Fig. 2c–e) and
finer grain sizes closer to the contacts with chromitite. Disrupted frag-
ments of chromitite occur as inclusions within the gabbroic intrusions
(Fig. 2d). The contacts between the chromitites and the gabbroic intru-
sionsmay be either neat (Fig. 2e) or gradational, the latter characterized
by a brecciated zone where chromite is included within the gabbroic
dikes (Fig. 2f).
Chromitite in Potosí can be classified as: i) ordinary podiform
chromitite, preexistent to gabbroic intrusions, or ii) metasomatized
chromitite, associated with or intruded by gabbroic dikes and denoted
as “brecciated chromite ore” and “sulfide-rich chromite ore” by
Proenza et al. (2001). Ordinary chromitites represent more than 90
vol.% of the ore body and show mineralogical, textural and chemical
features similar to other Al-rich chromitite bodies in the MBOB
(Gervilla et al., 2005; Proenza et al., 1999b) and ophiolitic complexes
worldwide (González-Jiménez et al., 2014b; Arai and Miura, 2016 and
references in these papers). Metasomatized chromitite is composed
mostly of recrystallized Ti- and Fe3+- rich chromite, Ti-rich amphibole,
orthopyroxene, clinopyroxene, plagioclase, and Fe-Cu-Ni sulfides, the
latter formed by fractionation of immiscible sulfide liquid segregated
from the mafic intrusions (Proenza et al., 2001).
3. Studied samples and analytical techniques
3.1. Studied samples
A total of 20 hand samples and 38 thin sections were examined for
this study (Suplementary material 1), including ordinary chromitite
and its host peridotite (5 samples), metasomatized chromitite (11 sam-
ples), and gabbroic dikes (4 samples) (Fig. 2a–b). Most samples were
taken from the outcrops of old mine works and some were collected
in the mine dumps.
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3.2. Analytical techniques
Modal composition of the POT-2 samplewas calculated using point
counting on thin section with the software JMicroVision. Whole rock
geochemical analyses were performed at the Centre for Scientific In-
strumentation (CIC) of the University of Granada. Samples were care-
fully prepared by removing secondary veins and weathering products
before crushing and powdering in an agate mill. Major element and Zr
concentrations were determined by X-ray fluorescence (XRF) spec-
trometry on glass beads (~0.6 g of powdered sample diluted in 6 g of
Li2B4O7) using a Philips Magix Pro (PW-2240). Precision was better
than ±1.5% for an analyte concentration of 10 wt.% and the precision
for Zr was better than ±4% at 100 ppm concentration. The analyses
were recalculated to an anhydrous basis (100 wt.%). Trace elements
were analyzed by ICP Mass Spectroscopy (ICP-MS) at the same
institution. ~100 mg of sample were digested with HNO3 + HF in a
Teflon lined vessel at 180 °C and ~200 psi for 30 min, evaporated to
dryness, and subsequently dissolved in 100ml of 4 vol.% HNO3. During
analytical sessions, the procedural blanks and reference materials
PMS,WSE, UBN, BEN, BR, and AGVwere run as unknowns and primary
standards to obtain concentrations (Govindaraju, 1994). Precision
was better than ±2% and ±5% for analyte concentrations of 50 and
5 ppm, respectively. Major and trace element bulk analyses results
are presented in Suplementary material 2.
Polished thin sections were studied in detail by optical microscopy
and scanning electron microscopy, using both a Quanta 200 FEI XTE
325/D8395 scanning electron microscope (SEM) and a JEOL JSM-7100
field-emission SEM at the Universitat de Barcelona (CCiTUB). Operating
conditions were 15–20 kV accelerating voltage and 5 nA beam current.
Quantitative electron microprobe analyses (EMPA) were also con-
ducted at the CCiTUB using both CAMECA SX50 and JEOL JXA-8230 elec-
tron microprobes, operating in wavelength-dispersive spectroscopy
(WDS) mode. The analytical conditions are described in Suplementary
material 3.
Trace element compositions of chromite, ilmenite, clinopyroxene,
orthopyroxene, olivine, amphibole, apatite, zircon, and baddeleyite
were measured in-situ on polished thin sections (30 μm) by an induc-
tively coupled mass spectrometer Agilent 8800 QQQ ICP-MS interfaced
to a laser ablation extraction line PhotonMachines Analyte Excite 193 at
the Instituto Andaluz de Ciencias de la Tierra (CSIC-UGR, Granada). The
analytical conditions are described in Suplementary material 3. Six
grains of baddeleyite were analyzed for U/Pb isotopes with the same
equipment at the same institution. A spot diameter of 30 μm was
used with the same analytical conditions as for zircon. Phalaborwa
baddeleyite was used as a reference material and in-house
Mogok baddeleyite for secondary/validation. Data (Suplementary
material 4) were reduced using Igor Pro iolite 3.6 software, VisualAge
DR, ET-Redux, and Isoplot for data presentation.
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4. Results
4.1. Petrological features of the gabbroic intrusions
Two types of gabbroic intrusions have been characterized in Potosí
(Fig. 3). The first type (POT-2) corresponds to a melagabbro (Fig. 3a)
containing olivine (64%), clinopyroxene (21%), plagioclase (14%),
orthopyroxene (b1%), and accessory oxides with a general coarse
grain size. Olivine and plagioclase are cumulus minerals and
clinopyroxene is intercumulus (mesocumulate texture). Clinopyroxene
reaches up to 2 cm in length and develops a poikilitic texture. Themajor
and trace element composition of this type of intrusion (Suplementary
Fig. 3. (a) Modal compositions of the Potosí studied gabbroic dikes compared with gabbro sills and dikes, and layered gabbros from the Moa Baracoa Massif (data from Marchesi et al.,
2006); (b–c) Whole rock major and trace element compositions of the Potosí studied gabbroic dikes compared with gabbro sills and dikes, and layered gabbros from the Moa Baracoa
Massif (data from Marchesi et al., 2006), (b) Al2O3 (wt.%) versus MgO (wt.%), and (c) Zr (ppm) versus TiO2 (wt.%). All data on anhydrous basis in wt.%; (d) Chondrite-normalized REE
patterns of the studied Potosí gabbroic dikes compared with gabbro sills and dikes, and layered gabbros from the Moa Baracoa massif (data from Marchesi et al., 2006). Normalizing
values from Sun and McDonough (1989); and (e) Primitive mantle-normalized patterns of the studied Potosí gabbroic dikes compared with gabbro sills and dikes, and layered
gabbros from the Moa Baracoa Massif (data from Marchesi et al., 2006). Normalizing values from Sun and McDonough (1989).
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material 2) is similar to the primitive sills and dikes crosscutting the
MTZ in the Moa-Baracoa massif reported by Marchesi et al. (2006)
(Fig. 3b, c). The trace element contents are slightly richer than chondrite
and the chondrite-normalized REE pattern shows a slightly positive
slope from LREE to MREE and a flat pattern from MREE to HREE
(Fig. 3d, e).
The second type of gabbroic intrusion (POT-1) corresponds to a
leucogabbro dike with pegmatitic texture (Fig. 2e, 3a) containing pla-
gioclase (70%) and clinopyroxene (28%) crystals up to 3 cm in length
with accessory oxides (around 2%). The major element composition of
the dike (Suplementary material 2) is similar to the more evolved gab-
broic sills and dikes (Fig. 3b) of theMoa-Baracoamassif (Marchesi et al.,
2006). However, it shows an important enrichment in trace elements
(Suplementary material 2), notably in Zr (Fig. 3c). The chondrite-
normalized REE (Fig. 3d) and primitive mantle-normalized trace ele-
ment (Fig. 3e) patterns show enrichment by one order of magnitude
compared to those of theMoa-Baracoa gabbroic dikes, sills, and layered
gabbros (Marchesi et al., 2006).
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Plagioclase crystals (up to 2 cm) in the gabbro dike show
polysynthetic twinning (Fig. 4a) and partial alteration to (clino)zoisite
and fine-grained phyllosilicate aggregates. Fresh plagioclase shows lab-
radorite composition (An51–An56) (Suplementary material 5) with lim-
ited compositional variation at the grain scale. Clinopyroxene crystals
(up to 3 cm) show deformation revealed by folding of the cleavage
planes. These crystals host many elongated oxide inclusions along the
cleavage planes and show exsolution of orthopyroxene lamellae. The
composition of clinopyroxene is relatively narrow, corresponding to
the limit between diopside and augite (En44-49Wo48-46Fs8-5), with
Mg#=0.85–0.92 and high TiO2 (0.36–1.05 wt.%) (Suplementary mate-
rial 5). Some clinopyroxene grains show rimswith slightly different ex-
tinction angles (Fig. 4b) and higher diopside contents.
4.2. Metasomatized chromitite
The interaction between the pegmatitic gabbro enriched in trace el-
ements and the ordinary chromitite generated unusual mineral phases
in the metasomatized chromitite. This type of rock shows strong vari-
ability in textures and modal mineralogy at the hand-sample and
thin-section scales. Most samples show coarse granular textures with
crystals up to 2 cm in length (Fig. 2e, f, 4c, d). The primary igneous-
metasomatic phases are Fe3+-Ti-rich chromite, Ti-rich amphibole,
orthopyroxene, olivine, Mg-rich ilmenite, and Fe-Cu-Ni sulfides
(Fig 4c, d). This assemblage experienced variable late overprinting
that is attributed to ocean floor alteration/metamorphism, which
produced the secondary serpentine-group minerals, chlorite, ferrian-
chromite, magnetite, actinolite-tremolite, rutile, and titanite.
Metasomatized chromite forms generally subhedral crystals with
sizes ranging between 0.5 and 2 cm(Fig. 4c–e). Locally, octahedral chro-
mite crystals are cemented by sulfides. Chromite is usually associated
with amphibole and ilmenite (Fig. 4f, g) and most chromite grains
host abundant crystallographically-oriented ilmenite lamellae
(Fig. 4h). Metasomatized chromite has higher Cr# [Cr/(Cr+Al)] (0.57–
0.70), higher Fe3+# [Fe3+/(Fe3++Cr+Al)] (0.10–0.30) and lower
Mg# [Mg/(Mg+Fe2+)] (0.31–0.53) than chromite from ordinary
chromitites (Cr#=0.44–0.54, Fe3+#b 0.05, and Mg#=0.66–0.74; see
also Proenza et al., 2001). It is also enriched in TiO2 (1.02–4.34 wt.%),
Fe3+ (up to calculated 21.5 wt.% Fe2O3), Fe2+ (up to calculated 25.31
wt.% FeO), and V2O3 (up to 0.7 wt.%) (Fig. 5) (Suplementary material
6). Two types of metasomatized chromite can be distinguished (Fig. 5):
(I) Type I bears an intermediate composition between ordinary and
metasomatized s.s. chromite (type II, see below) (Cr#=0.57–
0.58, Fe3+#=0.10–0.13, and Mg#=0.51–0.53), which roughly
corresponds to the “brecciated chromite ore” defined by
Proenza et al. (2001).
(II) Type II (Cr#=0.62–0.70, Fe3+#=0.19–0.30, and Mg#=0.31–
0.39) further interactedwith the gabbroic dikes and corresponds
to the “sulfide-rich chromite ore” (10–30 vol.% Fe-Ni-Cu sulfides)
of Proenza et al. (2001).
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The change in composition fromordinary to type IImetasomatized s.
s. chromite is defined by an enrichment trend in Cr#, Fe3+#, and TiO2
(Fig. 5). In type II metasomatized chromitite the sulfides are usually in-
tergranular to (or forming rims around) chromite (Fig. 4d, h) and are
mainly pyrrhotite, pentlandite, chalcopyrite and cubanite, with minor
amounts of chalcocite and valleriite (Proenza et al., 2001).
Brown amphibole forms large crystals (up to 2 cm) and coronas
around the chromite (Fig. 4a, e). Large crystals usually host a myriad
of elongated inclusions (up to 15 μm long) of ilmenite, rutile and titanite
following the cleavage planes (Fig. 4f, g). Amphibole composition
(Fig. 6a–h) is Ti-rich with TiO2 ranging between 2.41 and 5.46 wt.%,
Mg# between 0.82 and 0.94, Cl up to 0.05 wt.% and F up to 0.5wt.%, cor-
responding mainly to Ti-rich magnesio-hastingsite and, to a lesser ex-
tent, Ti-rich pargasite and ferri-kaersutite compositions (calculations
following Locock, 2014 and the classification scheme of Hawthorne
et al., 2012; Fig. 6a–b; Suplementary material 5).
Orthopyroxene is not abundant and forms grains up to 3 mm that
are generally free of inclusions and devoid of zoning with an enstatite
composition (En84-94Wo4-1Fs12-5), with Mg#=0.87–0.89 and high
TiO2 contents (0.23–0.47 wt.%, Suplementary material 5).
Orthopyroxenes is in contact with rare fine-grained Fo86-91 olivine (up
to 200 μm) (Fig. 4i) with NiO ranging between 0.12 and 0.22 wt.%
(Suplementary material 5). The higher forsterite contents correspond
to typical mantle olivine, including olivine from the regional Moa-
Baracoa chromitites (Fo90-97; Proenza et al., 1999b), while the lower
forsterite values are closer to those of gabbroic intrusions (Fo74-82;
Marchesi et al., 2006). Olivine crystals locally include elongated grains
of oriented Cr-spinel and ilmenite.
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Ilmenite forms subhedral to anhedral crystals (up to 1 cm) located at
the rims of (Fig. 4g), or within, chromite crystals (Fig. 7a, d, f, h) and
forms oriented lamellae in chromite following its crystallographic ori-
entation (Fig. 4h). The content in the geikielite component
(Suplementary material 7) varies between 1 and 45 mol% MgTiO3 (av-
eraging 26 mol%) (Fig. 8a, b). Ilmenite grains are devoid of chemical
zoning and compositional variations are independent of textural posi-
tion, as illustrated by strikingly different geikielitic contents in adjacent
grains of ilmenite (Fig. 8a, b).
Several mineral phases occur as inclusions within, or at the rims of,
grains of ilmenite. The most abundant is apatite, forming euhedral to
subhedral elongated crystals up to 500 μm long (Fig. 9a, b) in contact
with or included within ilmenite. Seldom, apatite crystals include sul-
fide inclusions (Fig. 9b). Apatite contains 0.85–1.52 wt.% F and 0.54–
0.77 wt.% Cl, with a Cl/F (molar) ratio between 0.33 and 0.48
(Suplementary material 8). Relatively small (up to 500 μm in length) il-
menite crystals in contact with chromite host accessory Zr-oxides
(baddeleyite, zirconolite, and srilankite) (Fig. 7), whereas large ilmenite
crystals (up to 0.5 cm long) in contact with silicates (Fig. 9) show zircon
coronas. It is noteworthy that Zr-oxides and zircon do not coexist sur-
rounding, or within, a given ilmenite crystal.
Zr oxides form subhedral to anhedral elongated crystals with sizes
ranging between 10 and 80 μm long within ilmenite (Fig. 7). Occasion-
ally, Zr oxide inclusions have multiple mineral phases (e.g., baddeleyite
and zirconolite or baddeleyite and srilankite; Fig. 7i). Baddeleyite crys-
tals show Hf-enrichment (HfO2 between 1.52 and 1.96 wt.%) and low
Nb, Nd, and U contents (up to 0.06 wt.% Nb2O3, up to 0.06 wt.% Nd2O3,
up to 0.07 wt.% U2O3) (Suplementary material 8). Zirconolite composi-
tion deviates from the ideal CaZrTi2O7 (Fig. 10a), with very lowU and Th
contents (Fig. 10b), relative enrichment in REE (REE2O3=9.25–10.7wt.
%) (Fig. 10c) and containing exceptionally high Y (up to 11.06 wt.% of
Y2O3) (Suplementary material 9). The studied zirconolite contains the
highest Y concentrations reported to date in terrestrial zirconolite and
the observed dominant coupled substitution is: 2Ca2+ + Ti4+ = 2
(REE,Y)3+ + (Fe, Mg)2+ (Fig. 10d). Two compositional groups of
zirconolite are observed with different degrees of coupled substitution
(Fig. 10).
Zircon grains (up to 50 μm) usually form rims around large ilmenite
crystals, clustering at the contactwith silicates (Fig. 9a, d), and theymay
appear elongated following the rim of ilmenite (Fig. 9e–g). Generally,
zircon coronas show granular textures (Fig. 9f) and include ilmenite
grains in between. Zircon is devoid of zoning (Appendices 10 and 11)
with HfO2 content ranging between 0.17 and 1.54wt.%, which is within
the range of abundance for natural zircon (0.5–5 wt.%; Belousova et al.,
2002). These zircon coronas generally remain unaltered during alter-
ation of ilmenite to rutile and titanite (Fig. 9h, i). Occasionally, zircon
is replaced by an aggregate of fine-grained baddeleyite (secondary
baddeleyite) together with Mg-Al silicates (Fig. 9c). Figure 11 summa-
rizes the main petrographic features and mineral relations observed in
the metasomatized chromitite in Potosí.
4.3. Mineral trace element compositions
Minerals from the metasomatized chromitite show relatively un-
usual trace element distribution and patterns (Suplementary material
12). Trace elements of chromite normalized to MORB chromite
(Fig. 12a) show a positive anomaly in Ti and negative anomaly in Ni,
which is not typical in Al-rich ophiolitic chromitites of the Moa-
Baracoa massif, usually displaying relatively flat patterns (e.g., Colás
et al., 2014). The chondrite-normalized REE patterns of Ti-rich amphi-
bole are characterized by LREE depletion, nearly flat HREE and negative
Eu anomalies (Fig. 12b), being similar in shape to (but more enriched
than) associated clinopyroxene (Fig. 12c). Clinopyroxene shows two
characteristic REE patterns corresponding to the cores and rims of
grains. Clinopyroxene cores are particularly depleted in LREE and
show strong fractionation from HREE to LREE (Fig. 12c), whereas
clinopyroxene rims are characterized by higher trace element contents
and larger negative Eu anomalies (Fig. 12c), with patterns depleted in
LREE and a flat segment from MREE to HREE. Similar to clinopyroxene
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rims, orthopyroxene REE patterns (Fig. 12d) show strong REE fraction-
ation, with a positive slope from LREE to HREE with negative Eu anom-
alies, but concentrations are one order of magnitude higher and the Eu
negative anomaly is stronger.
Ilmenite trace element patterns (Fig. 12e) show positive anomalies
in Nb and Ta and strong negative anomalies in Ni. Apatite shows REE
patternswith a negative slope from LREE to HREE and slight Eu negative
anomalies (Fig. 12f). Themain substitution of Ca in the apatite structure
is by Y and REE (REE+Y=161–405 ppm).
Zircon shows very low U (up to 54 ppm), Pb (up to 5 ppm), and Th
contents (up to 6 ppm) (Suplementary material 12). Its crystallization
temperature has been estimated using the Ti-in-zircon thermometer
(Ferry and Watson, 2007; Watson et al., 2006), but due to the intimate
intergrowth of zircon and ilmenite, the Ti content in nominally clean
zircon reaches high values (N4320 ppm) thus resulting in extremely
high apparent crystallization temperatures that are not reasonable.
The analyzed zircon grains have very pronounced Ce/Ce* (25–218)
and the chondrite-normalized REE patterns (Fig. 12g) show a positive
steep slope from LREE to HREE with positive Ce and negative Eu anom-
alies. The chondrite-normalized REE patterns of zirconolite show posi-
tive slopes from LREE to MREE and flat segments from MREE to HREE
(Fig. 12h) with negative Eu anomalies.
4.4. U/Pb dating
Zircon grains forming coronas around ilmenite crystals are extremely
depleted inU and Pb, especially in Pb207,making it difficult to obtain a re-
liable date. The analyses yielded an average age (n=43) of 369±24Ma
and a secondary cluster at 57± 17Ma. On the other hand, analyses on 7
baddeleyite grains yielded one concordant age and 6 discordant but
equivalent ages of 134.4 ± 14 Ma (Appendices 4 and 13).
5. Discussion
5.1. Meaning of the Fe-Ti-Zr minerals in the chromitite: contrasting litera-
ture data
We report metasomatic interaction of gabbroic melts with the
chromitite located in the MTZ of the Moa-Baracoa ophiolite resulting
in the metasomatism of pre-existing chromitite and the formation of a
new exotic assemblage of Fe-Ti-Zr minerals. As noted above,
the newly-formed mineral assemblage includes Ti-rich amphibole,
Mg-rich ilmenite, Zr oxides, and zircon, and has characteristics that re-
semble those from SCLM settings, kimberlites, carbonatites or alkaline
basalts (e.g., Lorand and Gregoire, 2010). Similar amphibole, usually
K-rich, is typical of the MARID (mica-amphibole-rutile-ilmenite-
diopside) assemblage in mantle xenoliths from kimberlites
(e.g., Dawson and Smith, 1977; Fitzpayne et al., 2018; Grégoire et al.,
2002), whereasMg-rich ilmenite (Fig. 8) is also typical from kimberlites
(e.g., Xu et al., 2018). Mg-ilmenite compositions have also been de-
scribed in megacrysts in alkaline basalts from Algeria (Leblanc et al.,
1982), in zirconolite-bearing ultrapotassic veins in mantle xenoliths
from the Mt. Melbourne volcanic field in Antarctica (Hornig and
Wörner, 1991), in some metasomatized peridotite xenoliths and peri-
dotite massifs (Bodinier et al., 1996; Ionov et al., 1999), as well as in
the amphibole-rich veins in the Lherz Massif (Lorand and Gregoire,
2010). The studied ilmenite in Potosí contains particularly low trivalent
iron and is devoid of hematite exsolution, with compositions very sim-
ilar to the ilmenite found in the amphibole veins of the Lherz Massif
(Lorand and Gregoire, 2010) both in major (Fig. 8) and trace elements
(Fig. 12e). In addition, the chromite trace elements (Fig. 12a) show
similarities with accessory chromite from kimberlites and picrites
(Yao, 1999).
Zirconolite is a frequent mineral in carbonatites, kimberlites,
ultrapotassic metasomatic veins, skarns, as well as many others rock-
forming settings (e.g., Williams and Gieré, 1996; Fig. 10). However,
the only known occurrence of zirconolite in chromitite is in the Finero
SCLM peridotites (Zaccarini et al., 2004). Most zirconolite reported in
the literature cluster in a similar compositional field (Fig. 10), but the
Potosí zirconolite plots close to zirconolite from potassic lavas (De
Hoog and Van Bergen, 2000) and lunar basalts (Rasmussen et al.,
2008; Williams and Gieré, 1996). Actually, the Potosí zirconolite con-
tains the highest Y2O3 content described to date in terrestrial zirconolite
(up to 11.06 wt.% Y2O3) and the REE contents are also high (up to 10.7
wt.% REE2O3), only comparable with contents in zirconolite from lunar
basalts (Rasmussen et al., 2008; Williams and Gieré, 1996). The studied
zirconolite contains low amounts of actinides (U, Th) strongly differing
from the Finero chromitites’ zirconolite (Zaccarini et al., 2004).
Fig. 8. (a) Ilmenite composition in terms of the pyrophanite (MnTiO3)–ilmenite (FeTiO3)–hematite (Fe2O3) endmembers. The compositional fields are from Tompkins and Haggerty
(1985) and the shaded areas correspond to Morishita et al. (2004) in dark grey and Lorand and Gregoire (2010) in light grey; and (b) Ilmenite composition in terms of the hematite
(Fe2O3)–ilmenite (FeTiO3)–hematite (Fe2O3) endmembers. Fields for kimberlitic ilmenites and basic rocks are from Mitchell (1977), the shaded areas correspond to Morishita et al.
(2004) in dark grey and Lorand and Gregoire (2010) in light grey.
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It is a great challenge to reconcile thedifferent settings that this com-
plex mineral assemblage may suggest, including SCLM, kimberlites,
carbonatites, alkaline basalts, and those of lunar origin, in the
suprasubduction zone ophiolite setting of Moa-Baracoa. In this context,
it is essential to consider a simple integrated model that can be concep-
tualized in a suboceanic mantle setting, as described hereafter.
5.2. Formation of the HFSE-bearing assemblage
The clinopyroxene cores crystallized at an early stage and show trace
element compositions (Fig. 12c; Suplementary material 12) similar to
those from gabbros sampled from the Mid-Atlantic Ridge (e.g., Coogan
et al., 2000). This was followed by the crystallization of plagioclase
(that caused depletion in Eu) and the crystallization of the
clinopyroxene REE-enriched rims (Fig. 12c) and the orthopyroxene
(cf. Bodinier et al., 2008; Drouin et al., 2009; Meyer et al., 1989). During
the process, the evolving liquid exsolved a sulfide liquid (Fig. 4d, 11),
while relict olivine from the chromitite protolith changed their compo-
sition (Fo b 90; Suplementary material 5), chromite recrystallized
(Fig. 5; Cr# = 0.57–0.70, Fe3+# = 0.10–0.30, and Mg# = 0.31–0.53),
and theHFSE-bearingmineral phases (explained hereafter) crystallized.
5.2.1. Ti-rich amphibole
The chemical composition of amphibole (Fig. 6; Suplementarymate-
rial 5), characterized by high Ti, relatively high F, and lowCl contents in-
dicates amagmatic origin (Coogan et al., 2001; Vanko and Stakes, 1991),
though it is texturally late (coronas around plagioclase and
clinopyroxene, Fig. 4a, e, and larger interstitial crystals, Fig. 4f, g). Similar
compositions are found in oceanic environments, such as gabbros re-
covered from the Mid Atlantic Ridge (e.g., Coogan et al., 2000, 2001;
Cortesogno et al., 2000; Gillis et al., 1993; Koepke et al., 2005) and in
olivine-bearing gabbros from the Northern Italy ophiolites
(e.g., Tribuzio et al., 1995, 2000, 2014), interpreted as the result of inter-
action at high temperature with percolating H2O-rich igneous agents
(e.g., Tribuzio et al., 2000). However, these differ with the compositions
of amphibole from oceanic veins (compilation by Pilet et al., 2011).
Ti-rich amphibole in oceanic rocks is also typical of low-pressure
(b 4 kbar) high temperature (ca. 700–800 °C) ocean floor metamor-
phism of mafic rocks, as recorded in tectonic blocks of amphibolite (for-
mer fore-arc basaltic dykes intruding residual peridotites) from
serpentinite mélanges of eastern Cuba (Lázaro et al., 2016). However,
amphibole formed during oceanicmetamorphism is typically character-
ized by a high-Cl content (e.g., Currin et al., 2018; Gillis et al., 1993; Gillis
and Meyer, 2001; Gillis and Thompson, 1993; Pertsev et al., 2015;
Prichard and Cann, 1982; Vanko, 1986), yet the Cl content of the studied
amphiboles is low (b0.05 wt.% Cl, b0.016 Cl per 23 O in the amphibole
formula), thus dismissing a hydrothermal/metamorphic alteration at
the oceanic stage. Furthermore, even if the temperature conditions of
formation of Ti-rich amphibole in the studied case cannot be accurately
established due to the open-systembehavior duringmetasomatism and
the lack of thermodynamic equilibrium in the studied assemblage, the
Ti-Al-calcic amphibole thermobarometer of Ernst and Liu (1998) for
rutile/titanite/ilmenite-saturatedMORB rocks point tomagmatic condi-
tions for amphibole formation (ca. 1075 °C, 1 kbar; ca. 925 °C at 5 kbar).
Fractional crystallization of a Ti-rich evolved crystallizing/reacting
metasomatic melt can satisfactorily explain the enrichment in HREE of
amphibole (Fig. 12b; Coogan et al., 2000). On the other hand, the
trace-element composition of studied amphibole plots in the
suprasubduction environment (Fig. 13; Coltorti et al., 2007), in agree-
mentwith the geodynamic position of the studied ophiolitic chromitites
in a back-arc position (Proenza et al., 1999b).
5.2.2. Mg-rich ilmenite
Ilmenite probably crystallized during or just right after the formation
of amphibole as a result of Fe-Ti saturation of the melt, as indicated by
the textural positions of recrystallized chromite, ilmenite, and Ti-rich
amphibole. Even though Mg-rich ilmenite is scarce in basaltic rocks of
the oceanic lithosphere, it has been observed in srilankite-bearing gab-
broic veins that crosscut oceanic peridotites (Morishita et al., 2004).
Since ilmenite appears on the liquidus of strongly fractionated high
Fe-Ti melts (Clague et al., 1981; Dick et al., 2000; Juster et al., 1989;
Morishita et al., 2004 and references therein), extreme differentiation
of a percolating MORB-type melt during its ascent within the
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uppermostmantlemay beneeded (c.f.,Morishita et al., 2004). However,
Mg-rich ilmenite cannot simply form by fractional crystallization of ba-
saltic liquid, becauseMg and Ti have opposite behaviors during this pro-
cess. Following Lorand and Gregoire (2010), the interaction of an
evolved (Fe-) Ti-rich melt with host Ol-bearing chromitite is necessary
to explain the observed decrease inMg inmetasomatized/recrystallized
chromite and olivine and the corresponding increase in Mg in the crys-
tallizingmelt. Furthermore, preferential uptake of Zr (and Hf) by Ti-rich
amphibole (e.g., Tiepolo et al., 2001) causes enrichment in Nb (and Ta)
in the residual melt, explaining the positive anomalies in Nb and Ta of
the Potosí ilmenites that crystallized during or shortly after precipita-
tion of Ti-rich amphibole.
5.2.3. Apatite
An increase in P content during the magmatic/metasomatic evolu-
tion of the differentiated gabbroic melt explains crystallization of apa-
tite in contact with, or as inclusions within, ilmenite. The Cl content in
apatite is within the range of normal apatite from gabbros (Zhang
et al., 2017), while the F-rich component of the Potosí apatite indicates
magmatic crystallization from an igneous silicate melt (O'Reilly and
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Griffin, 2000), strengthening the idea that seawater-derived fluids did
not participate in the metasomatic process of the Potosí chromitite.
However, the trace elements in apatite are one order of magnitude de-
pleted compared to typical MORB apatite (Mao et al., 2016) and
ophiolitic Fe-gabbro apatite (Tribuzio et al., 2000), indicating a late for-
mation of this mineral in the metasomatic process.
5.2.4. Zr minerals
5.2.4.1. Zr oxides: zirconolite, baddeleyite, and srilankite. The observed tex-
tures, with simple and multiple (e.g., baddeleyite and zirconolite or
baddeleyite and srilankite; Fig. 7) Zr oxides located within and adjacent
to crystal borders of ilmenite hostedwithin large chromite grains (up to
5mm), suggest exsolution of Zr oxides from ilmenite (Fig. 7). Direct ex-
change of Zr4+ for Ti4+ is possible within the structure of ilmenite
(Fujimaki et al., 1984; Jang and Naslund, 2003; McCallum and
Charette, 1978; McKay et al., 1986; Morisset and Scoates, 2008;
Nakamura et al., 1986; Taylor and McCallister, 1972). Though the
amount of Zr in ilmenite is very low (up to 79 ppm; Suplementary ma-
terial 12),we consider that the exsolution explains the textural relations
of Zr oxides, as for similar baddeleyite lamellae/blebs occurring within
ilmenite from layered intrusions (Barkov et al., 1995; Heaman and
LeCheminant, 1993; Naslund, 1987) and mafic granulite/amphibolite
(Bingen et al., 2001). A simultaneous oxidation process, as proposed
by Naslund (1987) and Bingen et al. (2001), is not evident in Potosí as
far as Mg-ilmenite contains a limited amount of trivalent Fe and lacks
hematite exsolutions. A second generation of sheet-like baddeleyite, to-
gether with Mg-Al silicates, crystallized after zircon in Potosí (Fig. 9c).
Similar textures were reported by Morisset and Scoates (2008), where
baddeleyite forms along sealed fractures within zircon and at zircon
grain rims. Zirconolite and srilankite likely formed by an exsolution
mechanism similar to baddeleyite however it depended on the avail-
ability of Ca and REE, which was provided by the evolved melt and/or
apatite that also formed in contact with ilmenite. Thus, zirconolite
would concentrate incompatible REE+Y of the late magmatic liquids/
fluids.
5.2.4.2. Zircon. In many Fe-Ti oxide gabbros, zircon formed from volu-
metrically small, late-stage, fractionated, Zr-enriched interstitial melt
pockets (Scoates and Chamberlain, 1995; Grimes et al., 2009;
Beckman et al., 2017; but see also Pietranik et al., 2017, and references
therein, for formation of zircon slightly above the wet basaltic solidus
after fluid-fluxed partial melting of oceanic gabbros). Zircon occurs in
Cuban ophiolitic gabbros and chromitites as magmatic (neoformed)
and xenocrystic grains inherited from subducted sedimentary rocks
(Proenza et al., 2018; Rojas-Agramonte et al., 2016). However, the stud-
ied zircon grains in Potosí are clearly not magmatic s.s. nor xenocrystic,
but rather formed in situ during metasomatic interaction of chromitite
with gabbroic melts, as indicated by textural relations.
Zircon coronas around ilmenite suggest high temperature Zr diffu-
sion in ilmenite (exsolution) and subsequent reaction along grain
boundaries under supersolidus to subsolidus conditions following il-
menite crystallization (Morisset and Scoates, 2008). As indicated
above, Zr is highly compatible within the ilmenite structure and this
mineral is usually considered as one potential source of Zr for zircon for-
mation (Bea et al., 2006; Charlier et al., 2007; Morisset and Scoates,
2008; Sláma et al., 2007). Morisset and Scoates (2008) demonstrated
that a reasonable concentration of Zr in ilmenite (345–568 ppm Zr ini-
tial concentration) accounts for the observed amount of zircon formed
at the rims of ilmenite inmafic plutonic rocks of Proterozoic anorthosite
suites. Furthermore, the studied zircon crystals have very low U and Pb
contents, consistent with derivation from ilmenite (Morisset and
Scoates, 2008; Zack and Brumm, 1998). Formation of zircon after
baddeleyite exsolutions in the presence of silica, as proposed by
Beckman et al. (2017), cannot be considered here because the observed
relationship involves secondary growth of baddeleyite after replace-
ment of granular zircon grains, and the presence of ilmenite interstitial
to the granular zircon grains of the coronas is consistent with direct for-
mation of zircon after ilmenite. In this process, silica would be provided
by the adjacent silicates and/or the residual melt.
A metamorphic origin for zircon after high-pressure and/or temper-
ature reactions (e.g., Austrheim et al., 2008; Beckman et al., 2014, 2017;
Bingen et al., 2001; Kovaleva and Klötzli, 2017; Söderlund et al., 2004) is
not considered here due to the lack of evidence for solid-statemetamor-
phic transformation in the studied rocks. Likewise, a hydrothermal ori-
gin, similar to the zircons hosted in sealed fractures within chromitites
introduced via a network of high-T fluids emanating from gabbroic
dikes (Kapsiotis et al., 2016), is also discarded because of the low HfO2
content of the Potosí zircons (b1.54 wt.%; Suplementary material 11)
and the HREE enrichment relative to LREE (Fig. 12g). Hydrothermal zir-
con usually has high HfO2 content (3.4 to 4.9 wt.%) (Hoskin and
Schaltegger, 2003), high U (550–13,000 ppm) and Th (450–6,000
ppm) (Belousova et al., 2002), and relatively flat chondrite-
normalized REE patterns (Hoskin, 2005).
5.3. Fractional crystallization and interaction of evolved melts with
chromitite
In the Moa-Baracoa ophiolite, Marchesi et al. (2007) demonstrated
that the primitive lower crust layered gabbros and pegmatitic gabbros
have similar Sr and Nd isotopic signatures and derived from a common
isotopic DMM source, which is similar to that of the Potosí pegmatitic
gabbros (in POT-1 sample; 87Sr/86Sr = 0.702581 and 143Nd/144Nd =
0.513128; unpublished data). It is then conceivable that the Potosí peg-
matitic gabbro dikes formed from derivative liquids after the crystal
fractionation of primitive MORB similar to those that built the Moa-
Baracoa lower oceanic crust and the more primitive olivine gabbro
dikes intruding Potosí chromitites. Like oceanic Fe-Ti gabbros in slow-
spreading mid-ocean ridges (Chen et al., 2019; Dick et al., 2000), Potosí
gabbros have an assemblage composed of clinopyroxene and plagio-
clase – with multiple oxide inclusions – that is distinctive of gabbroic
rocks derived from MOR-like basaltic melts (with BABB-like trace ele-
ment signature, Fig. 3). Under the quartz-fayalite-magnetite oxygen
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metasomatized chromitite, located at the interaction zone between the gabbroic dikes
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Fig. 12. (a) Chromite trace elements normalized to accessory MORB chromite (Pagé and Barnes, 2009). The regional Moa-Baracoa Al-rich chromite data is from Colás et al. (2014);
(b) Amphibole REE normalized to chondrite C1 (Sun and McDonough, 1989). Amphibole in ophiolitic Fe-gabbros is from Tribuzio et al. (2000) and amphibole in oceanic lithosphere
veins is a compilation by Pilet et al. (2011); (c) Clinopyroxene REE normalized to chondrite C1. Note the different patterns in the core and rim of clinopyroxene. Clinopyroxene in
oceanic gabbros is from Coogan et al. (2000) and clinopyroxene in equilibrium with MARK MORB is from Reynolds and Langmuir (1997); (d) Orthopyroxene REE normalized to
chondrite C1. Orthopyroxene in gabbronorites is from Secchiari et al. (2018); (e) Ilmenite trace elements normalized to chondrite C1. Mg-rich ilmenites in amphibole-rich veins from
Lherz are from Lorand and Gregoire (2010); (f) Apatite REE normalized to chondrite C1. Apatite in ophiolitic Fe-gabbros is from Tribuzio et al. (2000) and apatite in MORB is from Mao
et al. (2016); (g) Zircon REE normalized to chondrite C1. Magmatic oceanic crust zircons are from Grimes et al. (2009); and (h) Zirconolite REE normalized to chondrite C1. Lunar
zirconolite is from Williams and Gieré (1996) and Rasmussen et al. (2008).
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buffer condition, primitive MORB crystallizes olivine, clinopyroxene,
plagioclase and, upon further cooling below c. 1100 °C, Fe-Ti oxides
forming oxide gabbros (e.g. Chen et al., 2019), in agreement with the
mineral assemblage observed in Potosí gabbro dikes. The low anorthite
content of plagioclase (An51-56; Suplementary material 5) and a rather
high Mg# (85–90 mol.%) of Potosí pegmatitic gabbros are consistent
with crystallization from a rather anhydrous (b0.5 wt.%) evolved
MORB melt for a liquidus temperature of c. 1100 °C (Berndt et al.,
2004; Feig et al., 2006). However, their high contents in REE and incom-
patible trace elements (Fig. 12, Suplementary material 12), their
unfractionated trace element patterns and the strong enrichments in
trace elements in the rims of high-Mg# clinopyroxene cannot solely
be accounted by crystal fractionation. These geochemical features are
symptomatic of post cumulus fractionation of melts in a solidifying
crystal-melt mush and entrapment of residual evolved melts upon
cooling (e.g. Bédard, 1994; Bodinier et al., 1986; Borghini and
Rampone, 2007; Garrido et al., 2006; Langmuir, 1989). This trapped
melt mechanism is well documented in continental igneous layered in-
trusions (Cawthorn and Tegner, 2017; Ibanez-Mejia and Tissot, 2019).
In this process, the residual melts are progressively and effectively iso-
lated from early cumulus minerals due to physical or kinetic barriers
and evolve via intercumulus fractional crystallization upon cooling.
Borghini and Rampone (2007) successfully modeled trace element en-
richment in MORB-type primitive olivine-rich cumulates from the
Erro-Tobio mantle peridotite by small-scale migration of residual
evolved melt by crystal fractionation and entrapment of low fractions
(5–10%). The resulting melts are enriched in REE, Ti and Zr accounting
for the occurrence of accessory interstitial Ti-amphibole and Fe-Ti
oxide cumulates without requiring an exotic REE- and HFSE-rich melt
(Borghini and Rampone, 2007).
Proenza et al. (2001) proposed that the intrusion of gabbroic dikes
into chromitites triggered the crystallization of sulfide-rich chromite
ores. Here, we propose a two-stage model for the genesis of metaso-
matic REE- and HFSE-rich melt in Potosí chromitites. In a first stage,
crystallization of evolved MORB in a crystallizing mush produced via
intercumulus fractional crystallization water-rich residual melts
strongly enriched in incompatible elements. In a second stage, batches
of these evolved melts escaped the solidifying mush and extensively
reacted and metasomatized the surrounding chromitites, crystallizing
HFSE- and REE-bearing minerals and Fe-Cu-Ni sulfides. We envisage
that this process occurred in a solidifying mush in dike intrusions –in
a nearly closed system or with low rate of magma supply– at near soli-
dus conditions in the conductive oceanic mantle lithosphere, allowing
melts to stagnate, slowly cool and differentiate, and the residual melts
to leak and react with the surrounding chromitites and peridotites
(e.g. Morishita et al., 2004).
During crystallization in the crystal mush, residual melt fractions
produced via an inter-cumulus fractional crystallization were progres-
sively enriched in FeO, TiO2, HFSE, and H2O, promoting crystallization
of HFSE- and REE-bearing minerals and, upon sulfide liquid immiscibil-
ity, the Fe-Cu-Ni sulfide assemblage described by Proenza et al. (2001).
To yield residual melts with enough H2O (2–6 wt.%) to stabilize amphi-
bole after a primitive MORB composition (0.10-0.20 wt.% of H2O) re-
quires over 90% fractional crystallization driven by anhydrous mineral
fractionation up to near solidus conditions (Gillis and Meyer, 2001;
Tribuzio et al., 2000). This substantial degree of fractionation generated
via intercumulus fractional crystallization generated near-solidus
water-rich buoyant silicic melt fractions that were strongly enriched
in Zr and other HFSE until the onset of zircon and baddeleyite saturation
(b900 °C for melts with H2O N2 wt.%; Ibanez-Mejia and Tissot, 2019).
These residual melts percolated the crystallizing mush and were pro-
gressively trapped leading to the strong whole-rock trace element en-
richments of the Potosí pegmatitic gabbro dikes.
Locally, batches of these HFSE-enriched residual melts escaped the
crystallizing mush and tapped into the surrounding chromitites. These
water-rich siliceous residual melts were in strong disequilibrium with
the surrounding chromitites, leading to extensive reaction with
chromitites and metasomatism, and to the rapid consumption of the
melts via melt-consuming melt-rock reactions. The substantial compo-
sitional variations in the studiedminerals, especially in ilmenite, and the
heterogeneous distribution of the accessory Zr-bearing minerals indi-
cates strong local heterogeneities in SiO2,MgO, andHFSE, which is com-
patible with a kinetically-inhibited restricted system that evolved by
rapid melt-rock reactions at decreasing melt mass. During this stage,
Zr-bearing minerals (baddeleyite, zirconolite, srilankite) may have
formed by exsolution after Zr-rich ilmenite, forming zircon coronas
and likely involving residual silica-rich melt/fluids at temperatures
below the zircon saturation. These HFSE-rich residual melt that formed
the particular mineral assemblage of the Potosí metasomatized
chromitites derives from a BABB-like melt (MORB-like melt) in a
suprasubduction environment (Marchesi et al., 2006, 2007; Proenza
et al., 2001).
The U/Pb age of baddeleyite is indicative of the age of the metaso-
matic event (134.4 ± 14 Ma) that was coeval with the oceanic stage
in back-arc suprasubduction settings. Similar ages were reported in
igneous zircon grains from a Fe-Ti-rich gabbro intruding the mantle
peridotite section of the Moa-Baracoa massif (124 ± 1 Ma; Rojas-
Agramonte et al., 2016) and two zircons recovered from the Potosí ordi-
nary chromitite (99± 21Ma and 118± 8Ma, Proenza et al., 2018). The
metasomatic event is hence consistent with magmatism related to
ophiolite construction, generally considered to have taken place at 90
–125 Ma (Iturralde-Vinent, 1996; Iturralde-Vinent et al., 2006).
6. Concluding remarks
The interaction between chromitites and gabbroic intrusions in
Potosí (eastern Cuba ophiolite) triggered the formation of a particular
HFSE-mineral assemblage including Ti-rich amphibole, Mg-rich ilmen-
ite with inclusions of Zr oxides, such as baddeleyite, zirconolite and
srilankite, and zircon coronas surrounding ilmenite grains. These
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mineral phases related to the metasomatized chromitite are also
REE-rich. We propose a two-stage model for the formation of the
HFSE- and REE-bearing minerals in the Potosí metasomatized
chromitites: (1) crystallization of evolved MORB-like melt (BABB-like
melt in a suprasubduction environment) in a crystallizing mush, pro-
ducing water-rich residual melts enriched in incompatible elements
via intercumulus fractional crystallization; (2) reaction of batches of
the evolved residual melts that escaped the solidifying mush, with the
surrounding chromitites, giving place to the observed metasomatism
and the formation of HFSE- and REE-bearingminerals and Fe-Cu-Ni sul-
fides. This process likely occurred near solidus conditions in a nearly
closed system (or with a low rate magma supply), which allowed the
melts to stagnate, slowly cool, differentiate, and react with the sur-
rounding chromitites. The age of the metasomatic event is 134.4 ± 14
Ma, coeval with the magmatism related to ophiolite construction in
eastern Cuba.
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Supplementary data 
Appendix 1. Table summarizing the studied samples from Potosí. 
Sample  Description Zone Thin section 
SEM-
EDS EPMA 
LA-ICP-
MS 
Po-1 Chromitite-   Po-1   X   
Po-2 Massive chromitite chromitite Po-2       
Po-3 Chromitite in the interaction zone 
  
  
  
Metasomatized 
chromitite 
  
  
  
Po-3       
  Po-3-1   X   
  Po-3-3 X     
  Po-3-4 X     
Po-4 Chromitite in the interaction zone Metasomatized chromitite Po-4   X   
      Po-4-1   X   
      Po-4-2       
Po-5 Chromitite in the interaction zone Metasomatized chromitite Po-5       
      Po-5-2       
Po-6 Chromitite in the interaction zone Metasomatized chromitite Po-6       
      Po-6-1       
      Po-6-2       
      Po-6-3       
Po-7 Chromitite in the interaction zone Metasomatized chromitite Po-7   X   
      Po-7-2       
Po-8 Chromitite in the interaction zone Metasomatized chromitite Po-8       
Po-9 Chromitite in the interaction zone Metasomatized chromitite Po-9       
Po-10 Pegmatitic gabbro Gabbroic intrusive Po-10   X   
Po-11 Pegmatitic gabbro Gabbroic intrusive         
Po-100 Gabbro Gabbroic intrusive         
Po-101 Massive chromitite - 10cm from the gabbro  Po-101       
Po-102 Disseminated chromitite  Po-102   X   
Po-103 Pegmatitic gabbro Gabbroic intrusive Po-103   X   
Po-104 Brecciated chromitite Metasomatized chromitite Po-104   X   
Po-105 
Chromitite in the interaction zone Metasomatized chromitite 
Po-105a X X X 
  Po-105b X     
Po-106 Chromitite in the interaction zone Metasomatized chromitite Po-106       
Po-106   Po-106host   X   
POT-1 
Chromitite in the interaction zone 
  
  
  
  
  
  
Metasomatized 
chromitite -1 X X X 
    -  X X   
    -2   X X 
    -3 X X   
    -4 X     
    -5   X   
    -6   X   
-2  Gabbroic intrusive -  X X   
  
Appendix 2. Whole rock analyses of gabbroic dikes. 
 
 
Sample -1 -2 
2  39.77 40.64 
2 0.8 0.29 
Al2 3 18.7 4.41 
Fe2 3T 6.51 17.9 
 0.04 0.26 
 9.92 24.33 
 13.97 5.82 
Na2  2.6 0.35 
K2  0.02 - 
P2 5 0.11 0.02 
Total 92.44 94.02 
 
Sample -1 -2 
 6.8 2.0 
 1.17 0.36 
Cs 0.062 0.005 
Be 0.23 0.05 
Sr 231 29 
Ba 6.3 1.6 
Sc 23 26 
 202 94 
Cr 19475 435 
Co 35 110 
Ni 532 691 
Cu 480 86 
Zn 30 96 
Ga 13.5 4.5 
 35.4 7.0 
Nb 1.7 0.3 
Ta 0.36 0.27 
Zr 149.2 5.0 
 1.35 0.32 
Mo 0.10 0.04 
Sn 0.61 0.25 
Tl 0.024 0.003 
Pb 1.16 0.48 
U 0.11 0.03 
Th 0.26 0.03 
La 5.11 0.30 
Ce 15.7 1.0 
Pr 2.5 0.2 
Nd 12.8 1.2 
Sm 3.99 0.55 
Eu 1.14 0.26 
Gd 4.76 0.84 
Tb 0.84 0.16 
Dy 5.63 1.09 
 1.25 0.25 
Er 3.47 0.66 
Tm 0.51 0.12 
 3.39 0.73 
Lu 0.55 0.11 
 
  
Appendix 3. Electron Microprobe analyses and LA-ICP-MS analyses conditions. 
Electron Probe Micro Analyses  
-8230 electron micoprobes, 
operating in wavelength-  Analytical conditions for 
-20 nA beam 
current, 1-
standards used were Cr2 3  
- 2 2 
2 
concentrations.  
80 nA beam 
current. Background positions were carefully adjusted and peak-overlap corrections were 
2 3 
- 2 6 2 
2 2 
-Al-
used to convert specimen intensity ratios into concentrations. 
X-ray maps of selected areas were collected on the Potosí thin sections using the following 
-
Zr.  
total 
Fe2+
the T, M1 and M2-sites was carried out by stoichiometry and Fe3+ 2+ ratio was estimated 
2 ent was 
and T sites was performed by stoichiometry and Fe3+ was estimated for electroneutrality after 
cation 
3+ 2+ ratio was stoichiometrically recalculated according to 
Carmichael’s (1967). Apatite was normalized to 25 anions (O, OH, Cl, F).. Baddeleyite and 
5+M2+ 7 in the calculation sequence because it yields better results 
-zirconolites, instead of CaZr M5+M2+ 7 commonly used for U-
microprobe analyses are available. Mineral and end-member abbreviations are after Whitney 
 
LA-ICP-MS analyses 
Trace 
amphibole, apatite, zircon and baddeleyite were measured in-situ on polished thin sections by an 
inductively coupled mass spectrometer Agilent 8800 QQQ ICP-MS interfaced to a laser 
-
 and to get accurate 
during 30 s for zircon due to its low concentration of trace elements. Surface nebulization of 
pulse energy on the laser beam a 2 was used over a total laser energy of 7 
2.  
The ablation mode was static spot and performed as automatic driven positioning. The same 
conditions were used both for chromite and ilmenite because, over initial signal monitoring for 
three different masses, sensibility was the same using the same ablation conditions. Auto-tuning 
calibratio
Auto-tuning. This process is more than 20 minutes long when calibrating the instrument to have 
 were 90-208-238. After tuning, a 
signal monitor over low signal masses must be done in order to adjust certain type of acquisition 
2 
s added to increase sensibility over heavy masses. Integration 
time for all analyses acquisition was 60 miliseconds for each mass. Samples were located on a 
AG-
previous EPMA data as internal standard. 
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Appendix 9. Composition of zirconolite from Potosí. 
  Zirconolite 
Analyse                  
Nb2 5 0.07 0.09 0.09 0.04 0.08 0.02 0.03 0.07 0.04 0.02 0.01 0.00 0.04 0.03 0.03 0.01 0.02 
2 0.08 0.31 0.16 0.50 0.11 0.26 0.53 0.34 0.12 0.26 0.76 0.61 0.50 0.38 0.70 1.12 0.90 
2 31.72 31.80 31.91 31.38 31.59 31.79 31.59 31.74 31.54 34.68 33.95 34.70 34.93 35.21 34.14 35.19 34.00 
2 31.66 32.04 32.24 31.83 32.21 32.11 32.31 32.41 31.64 36.64 35.87 35.35 35.01 33.86 34.14 32.17 35.08 
2 0.95 0.94 0.95 0.95 1.01 0.87 0.83 0.85 0.93 0.50 0.52 0.59 0.51 0.64 0.61 0.64 0.57 
2 bdl bdl bdl bdl bdl bdl 0.06 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 
2 bdl bdl bdl bdl bdl bdl 0.05 bdl 0.05 0.08 bdl bdl 0.05 0.05 bdl bdl bdl 
Al2 3 0.49 0.50 0.47 0.50 0.47 0.54 0.53 0.57 0.50 0.58 0.64 0.60 0.53 0.53 0.48 0.57 0.56 
Sc2 3 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 
Cr2 3 0.68 0.51 0.48 0.49 0.46 0.45 0.45 0.49 0.62 0.71 0.75 0.74 0.75 0.78 0.61 0.70 0.69 
2 3 10.77 10.73 10.89 10.93 11.06 10.40 10.38 10.13 10.76 6.54 6.45 6.45 6.20 6.86 7.01 6.88 6.54 
La2 3 bdl 0.04 bdl 0.04 bdl 0.03 0.04 bdl 0.05 bdl bdl 0.03 bdl 0.04 0.06 0.06 bdl 
Ce2 3 0.65 0.68 0.69 0.68 0.66 0.66 0.65 0.65 0.67 0.54 0.51 0.63 0.72 0.70 0.74 0.69 0.62 
Pr2 3 0.15 0.17 0.18 0.14 0.15 0.17 0.17 0.12 0.16 0.11 0.10 0.12 0.16 0.19 0.17 0.17 0.11 
Nd2 3 1.30 1.38 1.38 1.35 1.43 1.42 1.34 1.30 1.34 0.74 0.91 0.99 1.17 1.20 1.42 1.22 1.04 
Sm2 3 1.07 1.08 1.07 1.08 1.06 1.04 1.01 0.99 1.04 0.60 0.57 0.68 0.75 0.87 0.82 0.80 0.66 
Eu2 3 0.16 0.18 0.24 0.18 0.21 0.18 0.20 0.16 0.16 0.00 0.12 0.13 0.10 0.14 0.15 0.13 0.23 
Gd2 3 1.46 1.45 1.39 1.46 1.50 1.39 1.41 1.33 1.42 0.80 0.80 0.92 0.92 1.04 1.16 1.04 0.96 
Tb2 3 0.30 0.33 0.31 0.28 0.29 0.25 0.25 0.27 0.25 0.07 0.12 0.13 0.10 0.16 0.18 0.18 0.13 
Dy2 3 2.07 2.03 2.11 2.01 1.96 1.99 2.02 1.95 2.01 1.05 1.08 1.17 1.09 1.18 1.22 1.23 1.10 
2 3 0.40 0.43 0.47 0.41 0.35 0.42 0.42 0.39 0.40 0.32 0.22 0.22 0.18 0.27 0.19 0.25 0.17 
Er2 3 1.12 1.09 1.14 1.07 1.11 1.05 1.10 1.09 1.12 0.71 0.63 0.65 0.52 0.65 0.65 0.65 0.56 
Tm2 3 0.22 0.23 0.21 0.18 0.19 0.22 0.23 0.19 0.19 0.18 0.15 0.13 0.12 0.11 0.15 0.15 0.09 
2 3 0.71 0.73 0.73 0.72 0.68 0.75 0.69 0.67 0.72 0.74 0.69 0.65 0.52 0.45 0.56 0.51 0.50 
Lu2 3 0.08 0.10 0.12 0.14 0.11 0.05 0.09 0.11 0.09 0.07 0.11 0.06 0.08 0.11 0.04 0.09 0.06 
2 3 9.71 9.92 10.07 9.74 9.71 9.61 9.63 9.25 9.59 5.92 6.01 6.50 6.46 7.11 7.51 7.17 6.21 
 0.51 0.58 0.53 0.71 0.55 0.61 0.52 0.51 0.52 0.42 0.76 0.57 0.39 0.41 0.38 0.87 0.57 
 5.51 5.55 5.52 5.43 5.41 5.62 5.62 5.85 5.58 8.74 8.47 8.63 8.69 8.16 8.26 7.58 8.38 
 0.06 0.08 0.06 0.06 0.06 0.07 0.07 0.05 0.05 0.06 0.04 0.06 0.07 0.07 0.05 0.07 bdl 
 6.57 6.50 6.50 6.60 6.64 6.49 6.39 6.28 6.50 6.07 6.00 6.14 6.22 6.82 5.98 7.52 6.04 
Total 98.85 99.59 99.89 99.22 99.44 98.93 99.01 98.59 98.46 101.26 100.29 100.99 100.37 100.93 99.92 100.53 99.63 
                  
Analyse                  
Nb 0.002 0.003 0.003 0.001 0.002 0.001 0.001 0.002 0.001 0.001 0.000 0.000 0.001 0.001 0.001 0.000 0.001 
Si 0.005 0.020 0.010 0.032 0.007 0.017 0.035 0.022 0.008 0.016 0.047 0.038 0.031 0.024 0.044 0.069 0.056 
Ti 1.564 1.554 1.559 1.539 1.552 1.560 1.548 1.558 1.561 1.604 1.578 1.605 1.626 1.639 1.609 1.632 1.592 
Zr 1.012 1.015 1.022 1.012 1.026 1.022 1.027 1.031 1.015 1.099 1.081 1.061 1.057 1.022 1.043 0.967 1.065 
 0.018 0.018 0.018 0.018 0.019 0.016 0.015 0.016 0.017 0.009 0.009 0.010 0.009 0.011 0.011 0.011 0.010 
Th       0.001           
U       0.001  0.001 0.001   0.001 0.001    
Al 0.038 0.039 0.036 0.038 0.036 0.041 0.041 0.044 0.039 0.042 0.047 0.044 0.039 0.039 0.036 0.041 0.041 
Cr 0.035 0.026 0.024 0.025 0.024 0.023 0.023 0.025 0.032 0.034 0.037 0.036 0.037 0.038 0.030 0.034 0.034 
 0.376 0.371 0.377 0.379 0.384 0.361 0.360 0.352 0.377 0.214 0.212 0.211 0.204 0.226 0.234 0.226 0.217 
La  0.001  0.001  0.001 0.001  0.001   0.001  0.001 0.001 0.001  
Ce 0.016 0.016 0.016 0.016 0.016 0.016 0.016 0.015 0.016 0.012 0.011 0.014 0.016 0.016 0.017 0.015 0.014 
Pr 0.003 0.004 0.004 0.003 0.004 0.004 0.004 0.003 0.004 0.002 0.002 0.003 0.004 0.004 0.004 0.004 0.002 
Nd 0.031 0.032 0.032 0.032 0.033 0.033 0.031 0.030 0.031 0.016 0.020 0.022 0.026 0.026 0.032 0.027 0.023 
Sm 0.024 0.024 0.024 0.024 0.024 0.023 0.023 0.022 0.024 0.013 0.013 0.015 0.017 0.019 0.019 0.018 0.015 
Eu 0.004 0.004 0.005 0.004 0.005 0.004 0.004 0.004 0.004 0.000 0.003 0.003 0.002 0.003 0.003 0.003 0.005 
Gd 0.032 0.031 0.030 0.032 0.033 0.030 0.030 0.029 0.031 0.016 0.016 0.019 0.019 0.021 0.024 0.021 0.020 
Tb 0.006 0.007 0.007 0.006 0.006 0.005 0.005 0.006 0.005 0.001 0.002 0.003 0.002 0.003 0.004 0.004 0.003 
Dy 0.044 0.042 0.044 0.042 0.041 0.042 0.042 0.041 0.043 0.021 0.021 0.023 0.022 0.024 0.025 0.024 0.022 
 0.008 0.009 0.010 0.008 0.007 0.009 0.009 0.008 0.008 0.006 0.004 0.004 0.003 0.005 0.004 0.005 0.003 
Er 0.023 0.022 0.023 0.022 0.023 0.022 0.023 0.022 0.023 0.014 0.012 0.013 0.010 0.013 0.013 0.013 0.011 
Tm 0.004 0.005 0.004 0.004 0.004 0.004 0.005 0.004 0.004 0.003 0.003 0.003 0.002 0.002 0.003 0.003 0.002 
 0.014 0.014 0.015 0.014 0.014 0.015 0.014 0.013 0.014 0.014 0.013 0.012 0.010 0.009 0.011 0.010 0.010 
Lu 0.002 0.002 0.002 0.003 0.002 0.001 0.002 0.002 0.002 0.001 0.002 0.001 0.001 0.002 0.001 0.002 0.001 
 0.212 0.213 0.217 0.211 0.212 0.209 0.209 0.200 0.210 0.119 0.122 0.136 0.134 0.148 0.161 0.150 0.131 
Mg 0.050 0.056 0.051 0.069 0.053 0.060 0.050 0.050 0.051 0.038 0.070 0.052 0.036 0.037 0.035 0.080 0.053 
Ca 0.387 0.387 0.384 0.379 0.379 0.393 0.392 0.409 0.393 0.576 0.561 0.569 0.576 0.541 0.554 0.501 0.559 
Mn 0.004 0.004 0.003 0.003 0.003 0.004 0.004 0.003 0.003 0.003 0.002 0.003 0.004 0.004 0.003 0.004  
Fe 0.360 0.353 0.353 0.360 0.363 0.354 0.348 0.343 0.358 0.312 0.310 0.316 0.322 0.353 0.313 0.388 0.314 
Total 4.065 4.061 4.059 4.069 4.061 4.063 4.056 4.057 4.068 4.070 4.079 4.083 4.078 4.085 4.076 4.105 4.076 
  
Appendix 10. X-ray maps of zircon coronas around ilmenite. 
 
Appendix 11. Major element composition of zircon from Potosí. 
Sample -1_01   -1_03 
Analyse -1 -2 -3 -4 -5  -1 -2 -3 -4 -5 
2 31.85 31.91 32.45 32.20 32.23  31.84 32.56 31.98 31.14 31.72 
2 0.16 0.21 0.19 0.25 0.13  0.00 0.01 0.02 0.17 0.15 
2 64.54 65.57 65.62 65.63 65.76  65.83 66.17 65.85 65.37 65.10 
2 1.54 1.44 1.34 1.40 1.35 0.92 0.95 0.94 1.52 1.37 
Al2 3 bdl bdl bdl bdl bdl  bdl bdl bdl bdl bdl 
Fe2 3 0.33 0.46 0.29 0.44 0.36  bdl bdl bdl bdl bdl 
2 3 bdl bdl bdl bdl bdl  bdl bdl bdl bdl bdl 
Nb2 3 bdl 0.10 bdl 0.09 bdl  bdl 0.05 bdl 0.01 0.04 
 bdl 0.02 bdl bdl 0.02  bdl bdl bdl 0.05 0.10 
 0.01 0.02 0.04 0.02 0.02  bdl bdl 0.04 0.34 0.36 
Total 98.43 99.73 99.93 100.03 99.86 98.59 99.73 98.83 98.59 98.85 
            
Sample -1 -2 -3 -4 -5  -1 -2 -3 -4 -5 
Si 0.99 0.99 1.00 0.99 0.99  0.99 0.99 1.00 0.99 0.99 
Ti 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.00 0.01 0.00 
Zr 0.98 0.99 0.98 0.98 0.99  0.98 0.99 0.98 0.98 0.99 
 0.01 0.01 0.01 0.01 0.01  0.01 0.01 0.01 0.01 0.01 
Fe 0.01 0.01 0.01 0.01 0.01  0.01 0.01 0.01 0.01 0.01 
Total 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 
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Abstract: The origin of the assemblage of ultra-high pressure (UHP), super-reduced (SuR) and
several crustally derived phases in ophiolitic chromitites is still hotly debated. In this paper, we
report, for the first time, this assemblage of phases in ophiolitic chromitites of the Caribbean. We
studied the Mercedita chromitite deposit in the eastern Cuban ophiolitic complexes. The mineral
phases were characterized using microRaman spectroscopy, energy-dispersive spectroscopy with a
scanning electron microscope (SEM-EDS), X-ray microdiffraction and electron microprobe analyses.
Mineral concentrates were prepared using hydroseparation techniques. We have identified oriented
clinopyroxene lamellae in chromite, oriented rutile lamellae in chromite, moissanite hosted in the
altered matrix of the chromitite, graphite-like amorphous carbon, corundum and SiO2 hosted in
healed fractures in chromite grains, and native Cu and Fe–Mn alloy recovered in heavy-mineral
concentrates obtained by hydroseparation. This assemblage may correspond to UHP-SuR conditions,
implying recycling of chromitite in the mantle or formation of the chromite grains at deep mantle
depths, followed by emplacement at a shallow level in the mantle. However, the chromitite bodies
contain gabbro sills oriented parallel to the elongation of the chromitite lenses, and these show
no evidence of HP/UHP metamorphism. Therefore, the identified “exotic” phases may not be
indicative of UHP. They formed independently as oriented clinopyroxene lamellae in chromite during
cooling (clinopyroxene and rutile), in super-reduced microenvironments during the serpentinization
processes, and by transference of subducted crustal material to the mantle wedge via cold plumes.
Keywords: moissanite; inclusions; Mercedita; serpentinization; super-reducing conditions;
chromitites; ophiolites; Cuba
Minerals 2018, 8, 433; doi:10.3390/min8100433 www.mdpi.com/journal/minerals
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1. Introduction
Minerals indicative of super-reducing (SuR) environments, e.g., native elements, alloys, carbides,
nitrides and phosphides, and those formed at ultra-high pressure (UHP), e.g., diamond, TiO2-II,
pseudomorphs after coesite and stishovite, are increasingly being reported in peridotites and associated
chromitites from ophiolite complexes, along with minerals that typically form in the continental crust,
e.g., zircon, quartz, K-feldspar, almandine, andalusite, apatite and kyanite [1–12]. The origin of
minerals considered “exotic” to the ophiolitic rocks is currently the subject of many frontline studies
and remains a hotly debated topic.
Some investigators have proposed that peridotites and associated chromitites form near the
MTZ-Moho Transition Zone (petrologic Moho) in a suprasubduction environment and incorporate
crustal minerals in the shallow mantle. The rocks are subsequently recycled into the ultra-deep
mantle (>410 km, and perhaps even deeper, to a mantle-core depth) by continued subduction, where
SuR and UHP minerals become incorporated, e.g., [6,13–15]. Rapid exhumation of the deep-seated
chromitites and host peridotites carrying SuR, UHP and continental-crust-derived minerals is related
to the generation of low-viscosity upwelling channels created during the opening of marginal basins
in island arcs or continental arcs as a result of retraction of subducting slabs during the rollback
process [14,15]. In this model, crustal minerals are already present in the chromitite, which forms in a
mantle wedge contaminated by subducted material with a crustal component after the ascent of cold
plumes derived from the subducting slabs [12,16].
Others have suggested that SuR, UHP and continental-crust-derived minerals correspond
to material present in the slab graveyard located at the bottom of the upper mantle, near the
mantle-transition zone. This subducted material is incorporated in chromite crystallizing from melts
originating from rising deep-seated mantle plumes [5,6,17,18] or, alternatively, asthenosphere- derived
melts that rise along slab-windows [4,19].
In addition, the role of fluids has been highlighted [20] in the formation of ophiolitic chromite
deposits. According to this metasomatic model, localized super-reducing environments favor the
disequilibrium crystallization of UHP minerals, forming very unusual paragenesis in the oceanic crust.
The authors propose that chromite formation requires a SuR subsolidus in a low-pressure environment
with a temperature above 800 ◦C.
Yet other investigators [21,22] have synthetized SuR and UHP mineral assemblages from plasma
generated by electric discharges at >5700 ◦C, suggesting that these minerals in ophiolitic rocks can
originate after obduction by lightning strikes. This short review indicates that the SuR and UHP
assemblages may not record a deep origin and may not support an emplacement history involving
mantle lithologies.
Here, we provide the first-ever report of SuR minerals in ophiolitic rocks from the Caribbean, in
fact from the Mercedita chromitite deposit, in eastern Cuba. This mineral assemblage, which occurs
with continental-crust-derived minerals, is described and evaluated in the framework of chromitite
genesis during the formation and geological evolution of the Caribbean region. Our work leads to an
evaluation of the various models proposed for the origin of this unusual paragenesis.
2. Geological Setting
The Mercedita chromitite deposit is located in eastern Cuba (Figure 1a), part of the Mayarí-Baracoa
ophiolitic belt. It is associated with Cretaceous HP serpentinite-matrix subduction mélanges (Sierra
del Convento and La Corea), Early to Late Cretaceous volcanic arc sequences, and a Late Cretaceous
metamorphic sole (the Güira de Jauco Amphibolite Complex) related to the onset of ophiolite
obduction [16,23–39] (Figure 1a,b). The synorogenic La Picota and Mícara formations date oceanic
arc-terrane collision and exhumation during latest Cretaceous to earliest Paleocene times, prior to the
final northeasterly verging collision with the Bahamas platform and accretion of tectonic pile onto
the North American plate (Figure 1b) [23,27,28,35,36]. The Cuban Ophiolite Belt represents oceanic
lithosphere obducted onto the North American continental paleomargin owing to northward collision
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between the Caribbean plate and the passive margins of the Maya block and the Bahamas platform
during the latest Cretaceous to Late Eocene [23,27,28].
Figure 1. (a) Generalized geologic-tectonic map of Cuba; (b) Schematic geological map of the
Mayarí-Baracoa Ophiolitic Belt (MBOB) showing the location of the Mercedita Mine.
2.1. Eastern Cuba Ophiolites
The Mayarí-Baracoa ophiolite belt, in the eastern part of the Cuban Ophiolite Belt, outcrops for
more than 1000 km along the Cuban coastline (Figure 1a,b) and represents the largest exposure of
oceanic lithosphere in the circum-Caribbean region, e.g., [24,37]. The allocthonous Mayarí-Baracoa
belt is divided by major fault zones into two different massifs: the Mayarí-Cristal massif in the west
and the Moa-Baracoa massif in the east (Figure 1b), having mantle sections of more than 5 km and
about 2.2 km in thickness respectively [24,38]. The ophiolite assemblage is highly dismembered; the
dominant lithology is harzburgitic tectonite with subordinate dunite, chromitite, layered gabbro and
discordant microgabbro, pyroxenite, troctolite, wehrlite, and diabase bodies [24,37–39] in both massifs.
The Cuban ophiolites have supra-subduction zone geochemical signature [24,38,40–42] related to the
intra-oceanic Greater Antilles arc, developed during the lower to upper Cretaceous.
2.2. The Moa-Baracoa Ophiolitic Massif
The Moa-Baracoa ophiolitic massif consists of harzburgitic tectonites with minor dunite and the
petrologic Moho crosscut by gabbroic dikes associated with layered gabbros. These lithologies are
in tectonic contact with pillow basalts of the Morel Formation (88–91 Ma), which have a back-arc
geochemical affinity and are related to cumulate gabbros [25,40,42]. These findings strongly indicate a
back-arc environment scenario for the formation of the Moa-Baracoa massif [30,33,40,41].
Numerous high-Al (0.41 < Cr# < 0.54) chromitite bodies are hosted in the mantle tectonites [24].
These bodies have tabular to lenticular shape, are concordant to the host peridotite foliation, and show
a dunite envelope of variable thickness [24]. The melts inferred to have been in equilibrium with such
Al-rich chromitite are similar in composition to back-arc basin basalts (BABB) [24,41,43].
2.3. The Mercedita Deposit
The Mercedita deposit, located in the most southerly part of the Moa-Baracoa massif (Figure 1b),
is considered the largest and most important podiform chromite deposit in America [44], with
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calculated reserves exceeding 5 million tons. The largest chromitite body is 600 m long, 250 m
wide, and up to 20 m thick [24,44]. Tabular to lenticular bodies of chromitite of variable size
(Figure 2a) are crosscut by normal faults. The lenses are invariably parallel to the foliation and
lineation of host peridotite and are located in the mantle-crust transition zone, characterized by the
interlayering of ultramafic and gabbroic rocks. Dunite (from few centimeters to a few meters in
thickness) systematically envelopes the chromitite bodies, though chromitite-harzburgite contacts are
locally developed. The contact between chromitite and peridotites is generally sharp and only locally
gradational [44].
Figure 2. (a) Cross-section through the Mercedita chromitite. The relationships between chromitite,
dunite, gabbros and harzburgite were interpreted from holes drilled upward from the roof of the mine’s
galleries; (b) Mineral inclusions in Mercedita chromite grains near the contact with gabbro; (c) Mineral
inclusions in Mercedita chromite grains in the inner part of the chromitite body; (d) Mineral inclusions
in Mercedita chromite grains near the dunite envelope. (b–d) Are not to scale.
The chromitite lenses usually include gabbro sills of variable size (Figure 2a), from centimeters to
>100 m in length. These have the same orientation as the chromitite bodies [44]. The layers of gabbro are
locally replaced by the chromitite, an observation also supported by the chemical variations observed
in the composition of chromite, which shows increasing Ti and Al towards the gabbro bodies [24].
Later gabbro and pegmatitic gabbro dikes crosscut the chromitite bodies and are sheared or displaced
by normal faults with NE-SW and NW-SE orientations [24,44]. Interestingly, similar relationships
between chromitites and gabbro sills parallel to the chromitite bodies have been described in nearby
Cayo Guam chromite deposit (Moa-Baracoa massif, Cuba [45]), Camagüey (Cuba [46]), and in the
Coto Block (Philippines [47]).
Chromitite shows two types of texture [44]: massive compact and massive anhedral chromite in
an altered olivine matrix. However, other textures include deformed nodular, mylonitic (locally in
shear zones) and cataclastic (locally along normal faults) varieties. Pull-apart fractures are abundant in
the lenses.
3. Materials and Methods
3.1. Sampling
50 thin sections from chromite samples (including drill cores) collected from the Mercedita high-Al
chromitite deposit have been selected and carefully studied for this article.
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3.2. Hydroseparation
Chromitite samples (2.7 kg) were crushed and powdered using an agate mill. The powder was
sieved using various mesh-sizes and hydroseparated (HS Lab, Barcelona, Spain). The grains obtained
were mounted as polished monolayers (five concentrates) on resin blocks (SimpliMet 1000). For details
of the procedure, see [48].
3.3. Scanning Electron Microscopy (SEM)
After studying the polished thin sections with petrographic microscope, selected samples were
examined with a scanning electron microscope (SEM) using both a Quanta 200 FEI XTE 325/D8395
and a JEOL JSM-7100 field-emission scanning electron microscope equipped with an energy-dispersive
spectrometer (EDS) at the Serveis Científics i Tecnològics, Universitat de Barcelona (CCiTUB), Spain.
The operating conditions were 15 keV accelerating voltage and 5 nA in backscattered electron
(BSE) mode.
3.4. MicroRAMAN Spectroscopy
The “exotic” mineral phases were characterized using microRaman directly in the polished
thin sections with a HORIBA Jobin LabRaman HR 800 dispersive spectrometer equipped with an
Olympus BXFM optical microscope in the Serveis Científics i Tecnològics, Universitat de Barcelona
(CCiTUB). Raman spectra were obtained using a non-polarized 532 nm laser, a 100× objective, with
five measurements lasting 10 s. The Si band at ~520 cm−1 was used for calibration. The spectra were
processed using the LabSpec® software (Jobin Yvon) (Villeneuve-d’Ascq, France).
3.5. Electron Microprobe Analysis (EMP)
Electron microprobe analyses of chromite were carried out using a CAMECA SX–50 electron
microprobe at the Serveis Científics i Tecnològics, Universitat de Barcelona (CCiTUB). The instrument
is equipped with four wavelength-dispersive spectrometers (WDS) and one energy-dispersive
spectrometer (EDS). The WDS analyses were performed using an acceleration voltage of 20 keV,
a beam current of 15 nA, a beam diameter of 1–2 μm and a dwell time of 10 s. Calibration standards
were Cr2O3 (Cr), corundum (Al), rutile (Ti), periclase (Mg), hematite (Fe), rhodonite (Mn), NiO
(Ni), and metallic V. The detection limits were 350 ppm for Cr, 100 ppm for Al, 250 ppm for Ti,
180 ppm for Mg, and 150 ppm for Fe, Mn, Ni and V. The PAP correction procedure [49] was used for
obtaining concentrations.
3.6. X-ray Micro Diffraction
Moissanite crystals were analyzed on the thin section by X-ray microdiffraction (μXRD) using a
D8 DISCOVER μMR powder diffractometer in Bragg–Brentano θ/2θ geometry of 154.1 mm of radius,
Cu Kα1 radiation (λ = 1.54056 Å), operated at 50 kV and 1 mA, and with a 0.1 mm collimator at the
Centro de Instrumentación Científica (CIC) of the University of Granada. During analysis, the sample
was spun at 1 revolution per minute. Crystals were scanned from 25◦ to 56◦ 2θ with a step size of 0.02◦
and a time of 240 s per step, using a Pilatus3-100K Detector (Villigen, Switzerland) at a distance of
151.58 mm. The software Diffrac.EVA was used to integrate the frames and generate the diffractograms,
to detect the peaks, and to assign mineral phases and their corresponding dhkl to each peak.
4. Results
4.1. Ore Texture and Mineralogy
The chromitite lenses (Figure 2) mainly consist of subhedral to anhedral grains of chromite
0.5 mm to 1 cm across, and intergranular olivine partially or completely altered to serpentine-group
minerals and minor chlorite (Figure 2c,d). The serpentine phase displays a pseudomorphic mesh
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texture after olivine, indicating that lizardite is the main phase. However, in some samples chrysotile
and antigorite were also recognized [50]. The chromite grains contain inclusions of euhedral olivine
(50–200 μm) and amphibole (30–100 μm) (Figure 2c). Other accessory mineral phases are Fe–Ni sulfides
(commonly, millerite) and platinum-group minerals (PGM: laurite, irarsite). The inclusions in chromite
are generally monomineralic and randomly distributed in the grains, even though they can appear
locally clustered or aligned. Olivine inclusions are more abundant near the contact with the dunite
envelope (Figure 2d) and show the same optical orientation as olivine crystals in dunite, indicating
dunite replacement by chromitite, previously documented by [44].
Near the contact with gabbro sills a <10 cm transition zone develops where chromite “invades”
the intergranular space between clinopyroxene and plagioclase grains of the gabbro (Figure 2b). In this
zone, clinopyroxene and plagioclase inclusions (<100 μm) in chromite crystals are common; the
clinopyroxene inclusions are in optical continuity with clinopyroxene crystals of the adjacent gabbro,
indicating that chromitite replaced the gabbro sills [44].
Chromitites are affected by two stages of post-magmatic evolution: serpentinization and
chloritization. Serpentinization produced the partial to total replacement of olivine by serpentine-group
minerals, magnetite and Fe–Ni sulfides. A second stage produced a thin rim of ferrian chromite, chlorite
and sulfides of Ni (millerite) and Cu (chalcopyrite, chalcocite).
Far from the alteration-induced rim and cracks, the spinel consists of high-Al chromite
[0.42 < Cr# = Cr/(Cr + Al) < 0.53; 0.58 < Mg# = Mg/(Mg + Fe2+) < 0.77] (Table 1). Its composition
is generally homogeneous (except for lens 6), overlapping the compositional field of podiform
“ophiolitic” chromitite (Figure 3a,d). The ranges of concentration of major element oxides are
(in wt %): 34.76–42.5 Cr2O3, 24.44–33.14 Al2O3, 12.96–18.51 MgO, up to 6.36 FeO, 8.21–16.92 Fe2O3,
0.07–0.28 V2O3, 0.02–0.29 NiO, and up to 0.34 MnO. The TiO2 contents are variably high (0.12–0.48 wt %,
Figure 3b), overlapping that of chromite crystallized from MORB-type basalts (Figure 3c). This
is explained by the fact that the BABB melts from which chromite crystallized had analogous
compositions to MORB-type melts [55].
Table 1. Representative electron microprobe analyses of chromite from the Mercedita mine.
Sample G-12-27 G-12-6 G-12-2 G-12-8 G-12-12 G-12-18 G-15-4 L2-7 L2-8 L3-2 L3-8 L3-7 L3-11 L6-1
TiO2
(wt %)
0.33 0.33 0.33 0.33 0.40 0.28 0.31 0.31 0.32 0.20 0.21 0.29 0.20 0.28
Al2O3 31.03 31.02 31.77 30.53 31.38 30.49 30.44 29.37 29.56 32.04 32.78 31.19 32.98 26.19
V2O3 0.16 0.16 0.15 0.19 0.18 0.14 0.10 0.19 0.15 0.14 0.09 0.16 0.07 0.19
Cr2O3 37.02 36.49 35.88 37.25 38.30 35.80 37.42 36.88 37.09 35.11 35.29 36.20 35.77 41.22
Fe2O3 * 3.38 3.43 3.19 3.14 0.00 3.14 3.35 4.61 3.56 4.18 3.74 2.88 2.01 4.18
FeO * 11.73 11.62 11.12 11.98 14.47 16.92 11.09 12.29 12.55 11.37 9.88 11.85 11.35 11.17
MgO 16.59 16.50 16.90 16.29 14.10 12.96 16.82 15.84 15.55 16.82 17.84 16.21 16.75 16.26
MnO 0.17 0.21 0.12 0.11 0.18 0.30 0.13 0.25 0.26 0.08 0.16 0.16 0.20 0.17
NiO 0.17 0.13 0.18 0.20 0.24 0.10 0.14 0.13 0.14 0.20 0.20 0.18 0.24 0.23
Sum 100.59 99.90 99.64 100.02 99.25 100.13 99.81 99.89 99.21 100.14 100.18 99.12 99.57 99.89
Ti (a.p.f.u.) 0.06 0.06 0.06 0.06 0.07 0.05 0.05 0.06 0.06 0.04 0.04 0.05 0.03 0.05
Al 8.48 8.52 8.70 8.41 8.75 8.56 8.37 8.16 8.26 8.74 8.85 8.63 9.00 7.35
V 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.04 0.03 0.03 0.02 0.03 0.01 0.04
Cr 6.78 6.72 6.59 6.88 7.17 6.74 6.90 6.87 6.95 6.42 6.40 6.72 6.55 7.76
Fe3+ 0.59 0.60 0.56 0.55 0.00 0.56 0.59 0.82 0.64 0.73 0.64 0.51 0.35 0.75
Fe2+ 5.73 5.73 5.85 5.67 4.97 4.60 5.85 5.56 5.49 5.80 6.10 5.67 5.78 5.77
Mg 0.03 0.04 0.02 0.02 0.04 0.06 0.03 0.05 0.05 0.01 0.03 0.03 0.04 0.03
Mn 2.27 2.27 2.16 2.34 2.86 3.37 2.16 2.42 2.49 2.20 1.89 2.33 2.20 2.22
Ni 0.03 0.02 0.03 0.04 0.04 0.02 0.03 0.02 0.03 0.04 0.04 0.03 0.04 0.04
#Cr 0.44 0.44 0.43 0.45 0.45 0.44 0.45 0.46 0.46 0.42 0.42 0.44 0.42 0.51
#Mg 0.72 0.72 0.73 0.71 0.63 0.58 0.73 0.70 0.69 0.73 0.76 0.71 0.72 0.72
a.p.f.u. = atoms per formula unit; *: Calculated.
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Figure 3. Mercedita chromite composition diagrams: (a) Cr# [Cr/(Cr + Al)] versus Mg# [Mg/(Mg + Al)];
(b) TiO2 versus Cr2O3 (wt %) diagram showing the compositional fields for podiform, stratiform and
crustal chromite; (c) Cr# versus TiO2 (wt %) showing the type of melt in equilibrium; (d) Fe3+–Cr–Al
ternary diagram showing the fields for different types of chromitites. Compositional fields are
after [51,52] in (a), after [53,54] in (b), (d) and after [55] in (c).
4.2. Mineral Inclusions Identified In Situ in the Chromitite
4.2.1. Oriented Clinopyroxene and Rutile Lamellae in Chromite
Submicrometric lamellae of clinopyroxene with a preferred crystallographic orientation are
included in chromite grains located far from the interaction zone with the gabbro dikes (Figure 4a–c).
These elongate crystals are usually 10 μm long and less than 1 μm wide, follow the (111)
crystallographic planes of chromite (Figure 4b,c) and are variably distributed in most of the samples
studied. The energy-dispersive spectra obtained using the field-emission electron microscope (FESEM)
on relatively large grains (e.g., Figure 4d) indicate a diopside or Ca-rich enstatite composition (the signal
of the host chromite is recorded in the spectra to some extent), but further Raman analyses show
spectra compatible with diopside (Figure 4e, after subtracting the chromite signal), with peaks at 242,
326, 391, 667, 857, 1011 and 1269 cm−1, which are analogous with those described by [12,56].
Rutile lamellar crystals 5–80 μm across are present in chromite following the (111) crystallographic
plane (Figure 5a,b,d). The elongate crystals define three different main orientations in chromite
(Figure 5b). The EDS spectra obtained in the larger crystals (Figure 5c) clearly show that only Ti and O
are present; the Raman spectra show peaks at 239, 246, 441 and 609 cm−1 (Figure 5e) corresponding
to rutile (e.g., RUFF ID: R110109). However, it is noteworthy that rutile inclusions are only found in
chromite grains located near the contact with the gabbro sills described by [24,44].
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Figure 4. Oriented clinopyroxene lamellae in the Mercedita chromite: (a) Thin section containing the
clinopyroxene lamellae showed in the images (b,c). The location of the studied lamellae is showed with
a red circle; (b) Backscattered electron (BSE) image of oriented pyroxene lamellae defining two main
directions; (c) Zoom of one sub-micron clinopyroxene lamellae of image (b); (d) Energy-Dispersive
Spectroscopy (EDS) spectra of the clinopyroxene of image (b), showing qualitatively its chemical
composition. The elements marked with an asterisk correspond to the chromite host; (e) Raman spectra
of the diopside after subtraction of the chromite background.
Figure 5. Rutile laminar crystals oriented in the Mercedita chromite in contact with the gabbro: (a) Thin
section containing the rutile crystals in the images (b,d). The location of the images (b,c) is shown
with a red circle; (b) Backscattered electron (BSE) image of oriented rutile crystals defining three
main directions; (c) Energy-Dispersive Spectroscopy (EDS) spectra of the rutile of image (b), showing
qualitatively its chemical composition; (d) Transmitted light optical microscope image of rutile crystals
included in chromite; (e) Raman spectra of rutile after subtraction of the chromite background.
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4.2.2. Mineral Inclusions in Healed Fractures in Chromite
Chromite grains host multiple trails of inclusions (Figure 6a–c) that can be followed across several
grains. The inclusions range from a submicrometric size to 7 μm. The mineral species hosted in these
trails are described hereafter.
Figure 6. Inclusion trails in chromite grains: (a) Thin section containing the inclusion trails in images
(b,c). The location of the inclusions in the section is shown with a red circle; (b) Backscattered
electron (BSE) image of a trail of inclusions; (c) Detail of three inclusions hosting corundum and
graphite-like amorphous carbon, BSE image. (d) Raman spectra of corundum, the host chromite
and graphite-like amorphous carbon surrounding the corundum crystal; (e) Raman spectra of the
carbon-bearing inclusion in image (c), showing the host chromite and graphite-like amorphous carbon;
(f) Energy-Dispersive Spectroscopy (EDS) spectra of the corundum crystal of image (d), showing
qualitatively its chemical composition; (g) Energy-Dispersive Spectroscopy (EDS) spectra of the
carbon-bearing inclusion in image (c); (h) BSE image of inclusion trail close to the chromite alteration
rim; (i) Energy-Dispersive Spectroscopy (EDS) spectra of the SiO2 crystal of image (h), showing
qualitatively its chemical composition.
Subhedral corundum grains up to 5 μm in size (Figure 6c) have been characterized by Raman
spectroscopy (Figure 6d, in which the characteristic spectrum appears together with that of the host
chromite), and by EDS (Figure 6f). Corundum is surrounded by amorphous carbon, which also appears
in the Raman spectra.
Carbon inclusions up to 5 μm across are common in the chromite trails (Figure 6c). The main
species of carbon is graphite-like disordered carbon, which is characterized by the D and G Raman
bands at about 1350 and 1580 cm−1, respectively (Figure 6d,e). The inclusions show a variable degree
of disorder in the stacking sequence. The EDS spectra of these inclusions show that C is the only
element present (Figure 6g).
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Grains of SiO2 also have been identified (Figure 6h,i). These inclusions, up to 7 μm across,
are usually located close to the ferrian chromite rims. They have been characterized by EDS
(Figure 6i). However, it has not been possible to obtain the corresponding Raman spectra owing
to strong fluorescence.
4.2.3. Moissanite in the Silicate Matrix
Moissanite crystals have been found in situ in two replicated thin sections (elaborated after the
same rock slab) (Figure 7a). The SiC grains are located in the altered matrix of chromitite (Figure 7b,c)
that mainly consists of aggregates of fine-grained hydrated minerals including serpentine-group
minerals, clinochlore and minor hornblende.
Figure 7. Moissanite crystal hosted in the chromitite altered silicate matrix: (a) Thin section containing
the moissanite crystal in images (b,c). The location of the moissanite crystal in the thin section is
showed with a red circle; (b) Transmitted light optical microscope image of the moissanite crystal.
Note that the crystals show the typical natural moissanite blue color; (c) Backscattered electron (BSE)
image of the same moissanite crystal in (b); (d) Energy-Dispersive Spectroscopy (EDS) spectra of the
moissanite crystal of images (b,c), showing qualitatively its chemical composition; (e) Raman spectra
of the moissanite crystal; (f) Single crystal X-ray microdiffraction pattern of moissanite; (g) Integration
of the diffraction pattern with peak identification.
The crystals are subhedral, with a grain size of about 80 μm (Figure 7b,c) showing the typical
blue color in transmitted light. The EDS spectra show peaks of Si and C only (Figure 7d). The Raman
spectra, with peaks at 162, 769, 786, 797 and 968 cm−1, confirms that the mineral is moissanite. Single
crystal X-ray microdiffraction (Figure 7f) shows that SiC has a hexagonal structure that corresponds to
the 6H polytype (Figure 7g), the most common polytype of moissanite [57].
Synthetic SiC used in polishing the sample has a maximum grain-size (21.8 μm—P800)
significantly smaller than that of the observed moissanite crystals (up to 80 μm). We believe that
the sample was not contaminated during thin-section preparation. In addition, moissanite grains
with similar morphological characteristics (crystal, habit size and color) have been reported from
the chromitites of various Neotethyan ophiolites (e.g., Oman, Ponzati-Karsanti in Turkey, Luobusa,
Sarohay and Hegenshan in Tibet and Ray-Iz in Polar Urals [4,19,58–60]. These grains have been
interpreted as natural moissanite and not due to antrhropogenic contamination.
Minerals 2018, 8, 433 11 of 23
4.3. Mineralogy of Heavy Mineral Concentrates Obtained by Hydroseparation
Euhedral grains of native Cu up to 100 μm (Figure 8a,b) are very common in the mineral
concentrates. Even though the EDS spectra of these grains show a small oxygen peak (Figure 8b),
electron-microprobe analyses show that the grain is native Cu (99–100 wt % Cu). Unidentified
inclusions up to 15 μm in length and rich in P and Na are hosted in the native Cu grains (Figure 8c).
To our knowledge, their qualitative composition does not correspond to any known mineral. The
grains also show an overgrowth of SiO2 (Figure 8d).
Figure 8. Metallic alloys found in the mineral concentrates of chromitite samples: (a) Backscattered
electron (BSE) image of a metallic grain showing inclusions and mineral growth in the lower border.
Numbers indicate the position of the EDS spectras of images (b–d); (b) Energy-Dispersive Spectroscopy
(EDS) spectra of center of the bright grain of image (a) (1); (c) EDS spectra of the inclusion (2); (d) EDS
spectra of the mineral growth in the lower border of the crystal (3); (e) Backscattered electron (BSE)
image of a metallic grain surrounded by other mineral phases. Numbers indicate the position of the
EDS spectras of images (f–h); (f) EDS spectra of center of the bright grain of image (e) (4); (g) EDS
spectra of the border (5); (h) EDS spectra of the outer border of the crystal (6).
Elongate grains (up to 125 μm) of a Fe–Mn alloy (Figure 8e) have been characterized by EDS
(Figure 8f; the Si peak corresponds to the glue used to mount the grains in the polished section). These
grains are surrounded by an inner layer of Fe oxide (Figure 8g) and an outer layer of Ca-carbonate
(Figure 8h). The texture indicates a replacement relationship.
In addition, it should be mentioned that euhedral grains of zircon have been identified [16] in
heavy-mineral concentrates from the Mercedita chromitites.
5. Discussion
5.1. Origin of Oriented Clinopyroxene and Rutile Lamellae in Chromite
The Mercedita chromitites contain inclusions of clinopyroxene with preferred orientation in
chromite, a petrographic feature that has been observed in other ophiolitic chromitites (Table 2). Such
inclusions have been interpreted as the exsolution of silicate components lodged in the structure of
high-temperature and high-pressure chromite (or their high-pressure polymorphs) [6,61,62], whether
these pyroxene lamellae are associated [61] or not [12,63] with minerals that typically form at high
pressure (e.g., coesite >30 GPa; [64] and references therein). According to the models proposed in
the literature, such petrographic feature could correspond to (1) chromite that originated at low
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pressure in the shallow mantle, and then experienced recycling in the deep mantle, at which point
they could dissolve a silicate component. Once returned to the surface, the new spinel reverted
back to low-pressure chromite and released the dissolved silicate component in the form of pyroxene
lamellae [12,14,15,61,63,65]. It is also possible (2) that a high-pressure polymorph of chromite already
containing high amounts of SiO2 and CaO in its structure had crystallized near the bottom of the
upper mantle or at the mantle transition and was carried upwards by deep-seated mantle plumes
or asthenospheric melts, that experienced decompression to low-pressure chromite while releasing
clinopyroxene lamellae, e.g., [6,19].
These interpretations seem to be consistent with the results of recent experimental work;
magnesiochromite can incorporate only <0.5 wt % CaO at 12–15 GPa and minor amounts (<1–2 wt %)
of SiO2 at <16 GPa, whereas the structure of the high-pressure polymorph calcium ferrite (CF-type,
CaFe2O4) can accommodate higher amounts of SiO2 (~3–5 wt % at 14–18 GPa in the MgCr2O4–Mg2SiO4
system and up to ~11–14 wt % in the MgAl2O4–Mg2SiO4 system) and CaO (~7–8 wt % at
14–18 GPa) [66,67]. The calcium ferrite polymorph is stable in the P-T region between 12.5 and
20 GPa at ~1400–1600 ◦C, and it could release SiO2 and CaO in the form of pyroxene lamellae upon
decompression [66–68].
It is worth noting that we have not identified exsolution-induced lamellae of coesite or other UHP
minerals in the Mercedita chromitite (Table 2). This lack of coesite in our samples can be related to the
mechanism of formation of the clinopyroxene lamellae. Silica will only exsolve from chromite once
CaO and SiO2 have been completely consumed to form clinopyroxene and MgSiO3 [66]. Therefore,
the absence of coesite lamellae in the Mercedita chromitites may simply reflect the fact that not all the
CaO and SiO2 were consumed.
However, the Mercedita chromitites are juxtaposed to, and also include, gabbro sills that show
no evidence of HP/UHP metamorphism, ruling out the recycling of the whole ophiolitic sequence,
including chromitite, gabbro and their dunite envelope and host harzburgite. In turn, the Mercedita
chromitite could consists of an accumulation of UHP chromite grains brought from the lower mantle
to the top of the petrologic Moho upon its arrival to the shallow part of the lithosphere, as suggested
by [6,19]. We must point out that there is no evidence for such magmatic activity related to mantle
plume in eastern Cuba ophiolites [40,42], leading us to rule out this possibility. In addition, the
Mercedita chromite grains yielded micro-Raman spectra with positions at 591–596 and 712–717 cm−1,
which are similar to the peaks observed for low-pressure cubic chromite and magnesiochromite and
strongly differ from the peaks observed in the high-pressure chromite polymorph (Figure 9), which
suggests that they were not derived from a high-pressure polymorph. In any case, clinopyroxene
exsolution in chromite grains do not necessarily involve exsolution from a UHP phase. In fact, the
liquidus chromite can concentrate significant amount of SiO2 and CaO (~0.3 wt % each) that is more
than enough to exsolve clinopyroxene lamellae during solid-state processes of annealing (see [22]).
Another interesting observation is that chromite grains in the vicinity of gabbro sills juxtaposed or
included in the Mercedita chromitite body also contain rutile lamellae with preferred crystallographic
orientation. These types of inclusions have been described in chromitites of the Bushveld layered
complex in South Africa [69] as well as in other ophiolitic chromitites, e.g., [70]. Such type of inclusions
is interpreted as the result of exsolution of TiO2 from the chromite structure upon cooling, owing to
the low solubility of Ti in the structure of chromite at a low temperature [70,71]. The presence of these
inclusions in Mercedita chromite indicates that the contact between the gabbro sills and the chromitites
was a reaction zone with a relatively high availability of titanium. Since the composition of chromite
is broadly constant except in the proximity of the gabbros (see profiles in Figure 4 in [24], the local
increase in Ti must be attributed to the presence of the gabbros.
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Figure 9. Raman spectra of chromite in the Mercedita chromitites. Spectra of chromite and
magnesiochromite from natural examples and experimental works are shown by comparison. The
spectrum for high-pressure chromite polymorph (Chr-12 GPa, 1600 ◦C) is from [67].
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5.2. The SuR Assemblage
The Mercedita chromitite contains moissanite (SiC), native Cu and a Fe–Mn alloy
surrounded by an iron oxide and CaCO3 (Figures 7 and 8). Similar phases have been reported
in other ophiolitic chromitites (Table 2) and interpreted as part of a super-reducing (SuR)
assemblage [3,4,6–8,10,14,15,17]. Although only recently reported in ophiolitic chromitites [58,77],
moissanite has already been found in a variety of terrestrial and extraterrestrial rocks, including
meteorites [78] and references therein, kimberlites and associated diamond [57,79–82], volcanic breccias
and tuff [72,83,84], high- and low-grade metamorphic rocks [59,85], and limestones [86,87]. According
to experimental and empirical data, the formation of SiC only occurs at a fugacity of oxygen 6.5–7
log units below the iron-wüstite buffer (IW) [88,89]. This observation, together with the common
association of the SiC with inclusions of native Si and other minerals such as diamond and coesite
that typically form at UHP conditions, has led some authors [3,6,15] to suggest that moissanite found
in ophiolitic peridotites and chromitites formed from highly reducing fluids present near the top
of the Mantle Transition Zone. However, some [89] have shown that moissanite can be deposited
at low pressure and low temperature (3.5 GPa and <700–800 ◦C) by ultra-reducing fluids released
during the initial stages of serpentinization of olivine in peridotites. In this model, C-rich fluids
provided by dehydration of the sedimentary lid of the subducting slab reacted with peridotite, trapping
H2O in the hydrous alteration-induced minerals and thus progressively reducing fluids. CH4-rich
fluids are associated with serpentinization of ultramafic rocks in the submarine and subduction zone
environments. CH4 fluid inclusions occur in olivine from partially serpentinized harzburgite and
dunite [90]. Production of CH4 during serpentinization in the sub-seafloor is a widely accepted
process [91]. In addition, CH4 can be generated as a by-product of serpentinization of peridotites in
the mantle wedge overlying the subducting oceanic slab, as a result of the complete consumption of
water during formation of serpentine [90] and references therein.
The observation of large crystals of moissanite up to 80 μm across in the serpentinized silicate
matrix of Mercedita chromitites is consistent with their formation related to serpentinization fluids.
Furthermore, the presence of C in the system during serpentinization is also consistent with inclusions
of graphite-like amorphous carbon in sealed cracks in many Mercedita chromite grains. These highly
reducing fluids released during serpentinization may be also responsible for the formation of native
Cu grains and the Fe–Mn alloy, which are stable at ΔFMQ between −9 and −12, as suggested by [92]
for the ophiolitic chromitites of Kempirsai and [89] for the Luobusa chromitites. In addition, Ref. [93]
described Fe–Ni and Ni–P alloys that also record extremely low conditions of oxygen fugacity and
interpreted them to result from serpentinization.
5.3. Minerals Typical of the Continental Crust
Mineral concentrates from the Mercedita chromitite contain zircon, corundum, and quartz
(Table 2). According to [16], zircon yields an age between 289 ± 9 Ma (early Permian) and 310 ± 10 Ma
(late Carboniferous), much older than the time of ophiolite formation (90–125 Ma); [23,25]. The
zircon contains a suite of inclusions (monazite, K-feldspar, quartz, biotite, apatite and occasional
ilmenite) typical of any zircon crystallized from a crustal magma. A crustal origin of the zircon is also
consistent with its Hf isotopic composition, with εHf(t) ranging from −5.57 to −3.67 [16]. Interestingly,
xenocrystic zircon of the same age has been reported in associated oceanic gabbros and volcanic arc
lavas in Cuba [94] indicating the recycling of crustal zircon through the mantle wedge above the
paleo-subducting slab of the Greater Antilles Arc.
5.4. Pros and Cons of Existing Models in Order to Explain the SuR and Associated Minerals in Mercedita
Table 2 summarizes the occurrence of UHP, SuR and crustal-derived phases discovered in
chromitites and associated peridotites from the mantle section of ophiolitic complexes. Various
models have been proposed to explain the presence of these “exotic” minerals.
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(i) The Subduction-Recycling Model.
Chromitites and host peridotites are formed at shallow depth; the assemblage is subducted into
the Mantle Transition Zone, and later exhumed to a shallow depth together with its host dunite
and harzburgite at spreading centers as a mantle diapir [9,13–15,63]. In this model, SuR phases
and coexisting UHP minerals are incorporated into chromitite during the UHP event at the Mantle
Transition Zone, whereas the crustal minerals are trapped during crystallization of chromite at low
pressure in the upper mantle [12,14,15]. This model has been largely considered to explain the mineral
phases found in the Luobusa chromitites (Tibet). However, it has limitations. It does not explain the
presence of unmetamorphosed gabbro sills included in the Mercedita chromitites. Moreover, it cannot
explain why SuR minerals are closely linked to serpentinization-related minerals, which are not stable
at the Mantle Transition Zone or even shallower depths.
(ii) The Plume Model.
Chromite grains formed from high-Cr magmas in the Mantle Transition Zone (15–16 GPa and
1600 ◦C, [6]) or the lower part of the upper mantle are proposed to encapsulate UHP and SuR phases.
Later, these grains migrate upward in a mantle plume and are incorporated in the magma system
beneath a spreading center [5,6,17,18,66,95]. According to this model, crustal minerals encapsulated in
chromitite were brought to the MTZ through earlier subduction, and SuR and UHP minerals formed
at or near the top of the MTZ. This model has been used to explain the mineral phases recovered in
the Ray-Iz ophiolitic chromitites (Polar Urals [6]). However, besides requiring an specific geological
setting of mantle plume plus spreading center, recent experimental studies [67] have shown that Cr is
preferentially partitioned into garnet at pressure conditions of the MTZ, preventing chromite (or its
high-pressure polymorph) to directly crystallize from melts at these depths. Moreover, it has been
suggested that chromite (or its high-pressure polymorph) is not stable at the reducing conditions of
the MTZ, and that such conditions would imply a complete loss of oxygen, forming aluminum spinel
and native Cr and Fe [89]. As with the previously discussed model, this model has limitations as well.
It fails to explain the formation of the mineral phases in the Mercedita chromitite. Firstly, the model
predicts the formation of Cr-rich chromite, whereas the Mercedita chromite is Al-rich. Secondly, the
model cannot explain the presence of gabbros juxtaposed and included in the chromitite. Thirdly, there
is no evidence of magmatic activity related to mantle plume in eastern Cuba ophiolites. Finally, it does
not explain the coexistence of serpentinization-related minerals with SuR phases.
(iii) The Slab Contamination Model.
The presence of continental crust-derived minerals in chromitites and ophiolites reflects the
subduction of metasedimentary rocks. These rocks were subducted into the deep mantle and reacted
with highly reduced phases. Later, rollback and breakoff of a subducting slab creates a slab window
through which asthenosphere rises and melts, generating Cr-rich mafic magmas [4,19]. The formation
of the chromitite bodies is related to local slab tear, allowing rapid uprise of asthenospheric melts into
the supra-subduction mantle wedges. In this model, chromite grains are interpreted to be transported
against gravity attached to H2O-rich pools segregated from the basaltic melt [19]. Nevertheless,
exsolution of volatiles to transport chromite grains necessary to form the chromitite bodies would
only occur at very low pressures in the shallow mantle [96], hence, making unlikely the transport of
chromite (a dense mineral) for tens of hundreds of kilometers from the slab window to the shallow
mantle. For Mercedita chromitite bodies, and similar to previous models, slab contamination fails to
explain the relation of reduced mineral phases with serpentinization processes.
Minerals 2018, 8, 433 17 of 23
(iv) Lightning Strikes Exposed Chromitite Bodies.
On the basis of experimental work using 30 kA electric discharges corresponding to natural
cloud-to-ground lightning strikes [21,22], some have suggested that a suite of minerals of the SuR
assemblage (such as moissanite and other carbides, silicides, alloys, and silicate and oxide spherules)
can form in ophiolitic chromitite in response to lightning strikes. According to these authors, chromitite
bodies within ophiolites are highly conductive and, hence, the thermal effect of a lightning strike could
penetrate deeply if they are exposed at the Earth’s surface. The derived >6000 K (5700 ◦C) thermal
effect would produce plasma from which the aforementioned SuR phases and diamond precursors
crystallize. However, if these high temperatures were reached during lightning (either experimental
or natural), one could expect that chromite would melt and thus producing microstructural and
chemical modifications, which have not been identified in natural chromites. It is worth to note
that these experiments were performed using a silicate material, not chromite, therefore limiting its
applicability to natural chromite as long as lightning strikes must have affected the entire rock and not
only the silicate matrix. In addition, these authors state that “other high-pressure phases like coesite
and stishovite may also form even though they are not found here”, therefore leaving unexplained
how plasma ejecta could form coesite intimately intergrown with diopside, as reported as oriented
inclusions in the Tibetean chromitites, e.g., [65]. Moreover, the Mercedita chromitites were not exposed
to lighting strikes and to the formation of fulgurite at the high altitude, in excess of 4000 m, suggested
by [21,22] for the Tibetean case. The limited applicability of this model to explain the SuR minerals
in the Mercedita chromitites is, again, the fact that SuR minerals occur associated with serpentine
minerals, in both the silicate matrix and in fractures at Mercedita. These minerals formed at less than
700 ◦C, while fractures were annealed by recrystallization of chromite at subsolidus conditions during
their passage through the shallow mantle and their final emplacement into the continental margin.
These observations therefore rule out an origin of SuR minerals related to vaporization at the high
temperatures proposed by Ballhaus and co-workers. Moreover, this model cannot explain the presence
of minerals derived from the continental crust.
(v) The Cold Plumes Model.
Cold plumes comprise partially molten hydrated peridotite, dry solid mantle, and subducted
oceanic crust [30,97] and references therein. Cold plumes rise in the mantle wedge as a result of
Raleigh-Taylor instabilities caused by hydration and melting in the subduction channel [97]. The
rise from a depth greater than 100 km brings asthenospheric and lithospheric mantle and subducted
crustal material to shallow mantle levels, creating mineralogical and lithological heterogeneities in the
mantle wedge. These heterogeneities may include bodies of podiform chromitite. Cold plumes are
an excellent mechanism to transfer subducted crystals of zircon of crustal origin toward the mantle
wedge [98], whereas others [16] explain the presence of crustal zircon in the Mayarí-Baracoa ophiolitic
belt by this mechanism. Although this mechanism explains the presence of continental-crust-derived
mineral phases, it fails to explain UHP and SuR minerals. For the case of the Mercedita chromitite, the
presence of the crustal minerals can be explained by this model but the association of SuR phases and
serpentinization-related minerals and the presence of the clinopyroxene lamellae along crystallographic
planes of chromite cannot be explained.
6. Concluding Remarks
“Exotic” mineral phases in the Mercedita chromitite could be interpreted as providing evidence
of high-pressure and ultra-reduced conditions (graphite-like amorphous carbon, clinopyroxene
exsolution lamellae, moissanite, native elements, and alloys). However, the juxtaposition of chromitite
bodies with unmetamorphosed gabbro sills rules out the possibility of deep recycling of the ophiolitic
sequence. Evidence of a mantle plume, asthenospheric rise or lightning strikes can also hardly be
invoked to the case of the ophiolites of eastern Cuba.
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A simpler explanation for the formation of the “exotic” phases in the Mercedita chromitites
can be offered. Clinopyroxene and rutile exsolution-induced lamellae formed during cooling of
chromite after interaction with adjacent gabbros. The SuR phases (moissanite, native Cu, Fe–Mn alloy)
formed during the serpentinization processes, where super-reduced microenvironments are created
at low temperature and low pressure. Finally, crustal phases (corundum, quartz, zircon) represent
sediment-derived xenocrystic grains delivered into the mantle wedge by cold plumes.
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▪ Diamond forms during low pressure serpentinisation
of oceanic lithosphere
N. Pujol-Solà1*, A. Garcia-Casco2,3, J.A. Proenza1,4, J.M. González-Jiménez2,
A. del Campo5, V. Colás6, À. Canals1, A. Sánchez-Navas2, J. Roqué-Rossell1,4
Abstract doi: 10.7185/geochemlet.2029
Diamond is commonly regarded as an indicator of ultra-high pressure conditions in
Earth System Science. This canonical view is challenged by recent data and interpre-
tations that suggest metastable growth of diamond in low pressure environments.
One such environment is serpentinisation of oceanic lithosphere, which produces
highly reduced CH4-bearing fluids after olivine alteration by reaction with infiltrating
fluids. Here we report the first ever observed in situ diamond within olivine-hosted,
CH4-rich fluid inclusions from low pressure oceanic gabbro and chromitite samples
from the Moa-Baracoa ophiolitic massif, eastern Cuba. Diamond is encapsulated in
voids below the polished mineral surface forming a typical serpentinisation array,
with methane, serpentine and magnetite, providing definitive evidence for its meta-
stable growth upon low temperature and low pressure alteration of oceanic litho-
sphere and super-reduction of infiltrated fluids. Thermodynamic modelling of the observed solid and fluid assemblage at
a reference P-T point appropriate for serpentinisation (350 °C and 100 MPa) is consistent with extreme reduction of the fluid
to logfO2 (MPa)=−45.3 (ΔlogfO2[Iron-Magnetite]=−6.5). These findings imply that the formation of metastable diamond at
low pressure in serpentinised olivine is a widespread process in modern and ancient oceanic lithosphere, questioning
a generalised ultra-high pressure origin for ophiolitic diamond.
Received 6 June 2020 | Accepted 31 July 2020 | Published 10 September 2020
Introduction
The discovery of nano- to micrometre scale grains of diamond
separated from ophiolitic rocks has recently attracted the atten-
tion of geoscientists due to its potential evidence for lithosphere
recycling down to, or below, the mantle Transition Zone (e.g.,
Yang et al., 2007, 2015; Griffin et al., 2016). The earlier reports
of diamond in nominally low pressure ophiolitic rocks date back
to the early 1990s, when diamond was found in heavy mineral
concentrates obtained from Tibetan ophiolites (Bai et al., 1993).
These were initially considered to be due to contamination
during sample preparation. The debate, however, rejuvenated
after findings of other UHP minerals such as coesite together
with super-reduced phases in many chromitites and associated
peridotites of ophiolites worldwide (e.g.,Griffin et al., 2016). Far-
reaching geodynamic models have been proposed based on the
assumption that diamond growth took place at UHP conditions
in these rocks (e.g., Barron et al., 1996; Xiong et al., 2019 and
references therein). Recently, the finding of in situ diamond in
chromite-hosted fluid inclusions from ophiolitic chromitites
by Farré-de-Pablo et al., (2019a) provided the first evidence
for empirical (Simakov et al., 2015, 2020), experimental (Simakov
et al., 2008) and theoretical (Manuella, 2013; Simakov, 2018)
work on low pressure growth of diamond. However, the debate
on the natural origin of diamond continued (e.g., Farré-de-Pablo
et al., 2019b; Massonne, 2019; Yang et al., 2019). In this regard,
Litasov et al. (2019a,b) have recently claimed that most dia-
monds, if not all, from ophiolitic rocks are not natural but instead
have a synthetic origin, and emphasised the need to identify dia-
mond below the polished surface of the host mineral. In this
study we report for the first time in situ diamond grains hosted
below the polished surface of magmatic olivine from a low pres-
sure gabbro sill of the upper mantle section of the Moa-Baracoa
Ophiolitic Massif, eastern Cuba (Supplementary Information;
Figs. S-1–S-4, Table S-1), where super-reduced phases formed
during serpentinisation have been previously reported (Pujol-
Solà et al., 2018). Diamond grains, which are also present in
olivine of associated chromitite, occur in secondary inclusions
within olivine. Our observations provide conclusive evidence
for the natural formation of metastable diamond at low P
(<200 MPa) and low T (<350 °C) during serpentinisation of
oceanic mafic and ultramafic rocks, and allow a word of caution
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on the development of generalised geodynamic models of man-
tle convection and lithosphere recycling into the deep mantle
based on diamond and super-reduced phases alone.
Results
We have studied approximately 150 inclusions (96 below the
polished surface) in olivine from 5 gabbro thin sections and 16
inclusions (8 below the surface) hosted in olivine in chromitite
(representative inclusions in Table S-2). The inclusions align
along trails that extend across adjacent mineral grains and delin-
eate healed fractures (Fig. 1a–d). The distribution of these trails is
heterogeneous, with some olivine grains showing a high density
of trails cross-cutting each other. Inclusions are typically sphe-
roid, with sizes ranging between <1 μm and 14 μm in diameter
(Figs. 1a–d, S-2).
Diamond grains were identified with the characteristic
Raman peak at 1330 cm−1 with a slight downshift from the typ-
ical band to 1326 cm−1 (n= 17; Table S-2) lining the walls of
inclusions (Fig. 1e–f). These very small (200–300 nm) diamond
grains were better characterised by confocal Raman maps at dif-
ferent depths (Fig. 1e–h). Nanodiamond is usually associated
with methane, serpentine (lizardite, polygonal serpentine,
chrysotile), and magnetite (Fig. 1h). Daughter minerals include
diopside, chlorite, graphite-like amorphous C, and calcite (Table
S-2, Fig. S-5). Brucite was not identified in any of the studied
inclusions, similar to other locations (e.g., Sachan et al., 2007).
However, brucite is a widespread product in olivine-hosted fluid
inclusions in ophiolitic samples (e.g., Klein et al., 2019; Grozeva
et al., 2020).
TEM observations of a thin foil extracted by focused ion
beam (FIB) (Fig. 2a) reveal that nanodiamond is clearly sur-
rounded by polygonal serpentine and associated with magnetite
(Fig. 2b,c). The selected area electron diffraction (SAED) pattern
of a grain a few hundreds of nanometres in size confirms its dia-
mond structure (with a reciprocal distance of 5 nm−1 correspond-
ing to the d111-spacing of 2 Å; Fig. 2d), while the corresponding
electron energy loss spectrum (EELS) indicates that C-type is the
diamond allotrope (sp3-hybridised C atoms; Fig. 2e). No polish-
ing debris was observed in the studied inclusions, suggesting
no contamination during ion milling of the thin foil except for
sublimated Pt used to protect the area. The observed pore space
in the inclusions (Figs. 2a, S-6) was likely filled by methane, as
indicated by Raman spectroscopy measurements (Table S-2).
Sub-surface fluid inclusions lack water and are dominated
by methane (Table S-2), similarly to olivine-hosted fluid inclu-
sions described by Klein et al. (2019). In chromitite, diamond
grains have been found in 5 sealed fracture-filling inclusions
within interstitial magmatic olivine. One inclusion studied by
TEM (Fig. S-7) revealed a <1 μm-sized diamond crystal co-
existing with the super-reduced phase native Si. In addition, H2
was identified by Raman spectroscopy in another inclusion
(Table S-2). Nevertheless, the phase assemblages are similar
to those of the studied inclusions in olivine from the associated
gabbro, with serpentine and magnetite (Fig. S-4, Table S-2).
Natural Origin of the Studied Diamond
The natural vs. anthropogenic origin of ophiolitic diamond is
a hotly debated topic. Whereas in other samples the natural ori-
gin of diamond has not been firmly proved (Massonne, 2019),
here we provide several lines of evidence for a natural origin.
Our most significant evidence is that diamond is hosted within
olivine well below the mineral’s polished surface (Fig. 1). Such
an observation meets the basic requirements for in situ mineral
grains, as suggested by Massonne (2019). Additional evidence
includes: (1) that diamond was found within CH4-bearing
fluid inclusions forming linear arrays (healed fractures) in olivine
and surrounded by serpentine (Figs. 1–2), and (2) lack of
polishing debris and/or resin artificially incorporated (e.g.,
Dobrzhinetskaya et al., 2014).
Processes and Conditions for Diamond
Formation
The olivine-hosted inclusion trails represent fluids trapped in
healed fractures. Fluid infiltration in oceanic lithosphere is com-
monly associated with sporadic deformation events that trigger
an increase of porosity by (micro-)fracturing during cooling below
the brittle-ductile transition of olivine (Klein et al., 2019). In this
scenario, fluid-rock interaction changes from a general open sys-
tem during initial infiltration to closed systemmicro-reactors once
the inclusions are sealed. At the initial trapping pressure and tem-
perature and during subsequent cooling, the trapped aqueous
fluids react with the olivine walls of the inclusion, triggering a
number of reactions that ultimately result in growth of hydrated
minerals and changes in fluid composition. Comprehensive
thermodynamic models of these processes in ultramafic and
oceanic rocks (McCollom and Bach, 2009; Klein et al., 2019) show
that below ∼350 °C (at <200 MPa) in the stability field of serpen-
tineþ brucite “serpentinisation” of the walls of olivine hosting
fluid inclusions consumes H2O in the fluid and generates H2
through precipitation of Fe3þ-rich phases, particularly magnetite,
so that consumption of inorganic carbon (CO2) and formation of
abiotic CH4 takes place. In the 6 component system MgO-FeO-
SiO2-C-O2-H2, the formation of phase assemblages made of ser-
pentine, brucite, magnetite, diamond and CH4-fluid from an
initial assemblage made of olivine and H2O-CO2 fluid can be
described by a number of linearly independent reactions. As-
suming 11 phase components (Fo, Fa, Mag, Mg-Srp, Mg-Brc,
H2O, CO2, CH4, H2, SiO2(aq), C abbreviations after Whitney
and Evans, 2010) appropriate for the low temperature stage of
reaction progress, and excluding magnesite for simplicity, the
dimension of the reaction space is 5. Among many, the following
set of five linearly independent reactions obtained with the soft-
ware CSpace (Torres-Roldán et al., 2000) describes the process
(commonly used as coupled reactions during serpentinisation,
e.g., Lamadrid et al., 2017; Klein et al., 2019):
2Mg2SiO4ðFoÞþ3H2O↔Mg3Si2O5ðOHÞ4ðSrpÞþMgðOHÞ2ðBrcÞ
3Fe2SiO4ðFaÞ þ 2H2O ↔ 2Fe3O4ðMagÞ þ 2H2 þ 3SiO2ðaqÞ
CO2 þ 4H2 ↔ CH4 þ 2H2O
CH4 þ CO2 ↔ C ðDiaÞ þ 2H2O
3MgðOHÞ2ðBrcÞ þ 2SiO2ðaqÞ =Mg3Si2O5ðOHÞ4ðSrpÞ þH2O
As a whole, this set of reactions (and any other indepen-
dent set, provided that it contains all phase components consid-
ered) indicates that the hydration process of olivine triggers the
formation of magnetite by oxidation of Fe2þ (from component
fayalite), liberating H2 that ultimately favours the consumption
of CO2 and the formation of CH4 and C. A bulk mass balance
can be obtained after combination of these reactions corre-
spondingly multiplied by a given stoichiometric coefficient.
The number of combinations is hence infinite, and combinations
that yield zero brucite are possible. A defined mass balance can
be calculated only if additional constraints are imposed, such as
the bulk composition of the system as long as the relative con-
tribution of the above reactions to the integrated mass balance is
a function of the original compositions of olivine and fluid and
the initial fluid-olivine ratio. For initial H2O-rich fluid and olivine
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Figure 1 (a) Transmitted light photomicrograph (TLP) of olivine hosting a trail of secondary fluid inclusions. The red area defines the zoom
in (b-d). (b, c) TLP of fluid inclusions below the surface of olivinewith focus at Z (depth)=−1 and 0 μm respectively. (d) Reflected light photo-
micrograph of (c), showing that the central inclusion is completely below the surface. White rectangles mark the area of (e-g). (e) Fluid
inclusion confocal Raman map at Z=−1 μm; different colours represent different phases. (f) Confocal Raman map for the same inclusion
at Z=−2 μm. (g) Z-stack of (e, f) showing the inclusion profile. (h)Raman spectra of the identifiedphases (colour coded).Mapping conditions:
6 × 6 μm, 30 × 30 spectra, Tint= 2 s, 2 mW, 100× objective.
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with the composition of the studied gabbro (Table S-1), the
observed stable brucite-lacking assemblage serpentineþmag-
netiteþ diamondþCH4-rich fluid can be reached for specific
olivine-fluid ratios, such as in the following example obtained
using the software CSpace:
0.272ðFo74-Fa26Þ þ 0.3ð0.95H2O-0.05CO2Þ = 0.134Srp
þ 0.047Mag þ 0.004SiO2 þ 0.009CH4 þ 0.006C
This reaction completely consumes both reactants. Under
natural conditions in the fluid inclusion, olivine is in excess once
H2O and CO2 are completely exhausted. Hence, thermody-
namic calculations for a closed system fluid inclusion must
consider an olivine-fluid ratio higher than 0.27∶0.3. A bulk com-
position with an initial olivine:fluid ratio of 0.7∶0.3 produces an
assemblage of 51.3 vol. % Ol (Fo= 0.76), 40.2 vol. % antigorite,
6.8 vol. %magnetite, 1.5 vol. % CH4 and 0.12 vol. % diamond at
100 MPa and 350 °C using the Perple_X software (Connolly,
2009). According to the low P conditions at which serpentinisa-
tion occurs, the stable C allotrope should be graphite. How-
ever, it has been demonstrated that nanodiamond can form at
super-reducing conditions (e.g.,Manuella, 2013; Simakov, 2018).
Hence, in the above thermodynamic calculations, diamond has
been used instead of graphite in order to simulate its metastable
formation. The corresponding calculated log(fO2; MPa) is as
low as −45.3, (ΔlogfO2[Iron-Magnetite]=−6.5; Frost, 1991),
consistent with thermodynamic calculations in the diamond-
COH fluid systemat 350 °C and 100MPa (Fig. 3; cf. Schmidt et al.,
2014).
Admittedly, calculations in a more complex system, with
additional components and minerals (e.g., CaO, clinopyroxene,
talc, carbonates etc.) and constraints (e.g., dissolved silica in the
fluid), and at other P-T conditions over which serpentinisation
takes place, would yield amore intricate picture of the basic proc-
ess outlined above and different absolute values of fO2 (e.g.,
Klein et al., 2019). However, a highly reduced environment (par-
ticularly at lower T, see e.g., Klein et al., 2019) should develop if
CH4 is to be themain fluid species in the inclusions, making pos-
sible the metastable formation of nanodiamond in low pressure,
olivine-bearing oceanic rocks during low T infiltration of H2O-
CO2 fluid mixtures.
The undoubted natural origin of diamond hostedwith ser-
pentine, magnetite and CH4 in sealed fluid inclusions within
magmatic olivine from a gabbro sill and associated chromitite
should be related to the generalised release of CH4 during
hydrothermal alteration (partial hydration) of shallow oceanic
lithosphere (e.g., Klein et al., 2019). This finding implies that
the formation of nanodiamond in altered olivine-bearing rocks
can be a widespread process. The presence of diamond (Farré-
de-Pablo et al., 2019a) and other highly reduced phases (e.g.,
metallic Si, moissanite; Pujol-Solà et al., 2018) in these rocks, in
Figure 2 (a) Field emission scanning electron microscope image of olivine-hosted inclusion thinned by focused ion beam. (b,c) TEM image
of the diamond and the surrounding serpentine andmagnetite; the red square shows the selected area electron diffraction (SAED). (d) SAED
pattern confirming the diamond structure of the crystal (the nearly horizontal rows of reflections have indices 111 with d spacing of 2 Å).
(e) Electron energy loss near-edge structure of the C K-edge for the diamond showing a major peak due to its sp3 bonding. Abbreviations:
Dia-Diamond, Mag-magnetite, Ol-olivine, Srp-serpentine, Pt*-platinum deposited during sample preparation.
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particular chromitites, cannot hence be taken as a general indica-
tion of ultra-high pressure conditions (e.g., Yang et al., 2007, 2015;
Griffin et al., 2016). The small size of diamond (<1 μm) and its
scarcity in the fluid inclusions are important handicaps in search-
ing for “the needle in the haystack”, thus explaining its apparent
absence in other case studies of altered oceanic rocks.
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Geological Setting and Petrography 
  
The diamond-bearing samples were collected in the Potosí chromitite mini
within the Moa- -1a et al.
forms part of the ca. 1000 km long Cuban ophiolite bel  - - et al., 
2016 and referen
well- -1b
archesi et al.  dunite bodies, chromitites and 
gabbroic sill intrusions following the fabric of the host harzburgite, as well as discordant dikes of gabbro, 
et al.  
In the Potosí area, chromitite bodies are crosscut by several generations of gabbroic intrusions that 
et al. -Jiménez et al.
Pujol-Solà et al.
 
 
olivine 74 37-46Wo49-41Fs15-9 59-64
74-75   a non-oriented coarse-grained magmatic 
-2, S-3, Table S-1 identified in interstitial magmatic olivine of associated 
Fig. S-4 -Solà et al.  
 
Methods 
 
1. Sample preparation 
 
 gabbro and chromitite samples were collected from the Potosí area in the Moa-Baracoa massif, 
cated thin sections were prepared using Al2 3 or amorphous colloidal 
silica as carbon-free polishing materials in order to 
performed to remove any remaining polishing debris from the thin sections. Special doubly polished 
diamond 
abrasives and using polyester resin. 
 
 
2. Scanning electron microscopy 
 
Samples were studied in detail by optical microscopy and scanning electron microscopy, using a 
-7100 field-
-emission 
scanning SEM at the Univer – 
5 nA beam current.  
 
 
3. Electron probe microanalyses (EPMA) 
 
Quantitative -
8230 electron microprobe and in the Centre for Scientific Instrumentation of the University of Granada 
- ted in wavelength-
-20 nA beam current, 1- eam diameter, and 
10 s counting time per element. Natural and synthetic standards used were Cr2 3  
 
2 2 2 3 
2 3 2 3 -  The correction procedure 
rations. The 
chemical data for Cr-spinel 2 3 
according to the proced 6  
X-ray maps of selected areas were collected with the CAMECA SX100 machine on thin sections using 
-
scanning mode, 2 -  - 30 ms co
 
 
- and Garcia Casco, unpublish -
consist of the X- ur-
voids and all other mineral masked out. A grey-scale base- i · 
Ai
manipulation of the histograms of elemental maps. 
 
 
4. Micro-Raman spectroscopy 
 
Micro-
BXFM optical micr re obtained in confocal geometry 
 - 5 measurement 
repetitions for 10 - -1 was used for calibration. The obtained spectra 
were processed -d’Ascq, France); b) JASCO NRS-
-
conditions were the same as above. The obtained spectra were processed using the Spectra ManagerTM II 
- -dimensional mode 
 
Mapping and cross-sections of selected inclusions were taken with a co
– 1, coupled 
nd a 100× objective lens 
nt laser power was 2 - 6 mW. The optical diffraction resolution was limited to about 
200 nm laterally and 500 nm vertically. The samples were mounted in a piezo-driven scan platform having 4 
nm lateral and 0.5 nm vertical positioning accuracy, also equipped with an active vibration isolation system, 
active 0.7 - analysed with the software WiTec Project Plus 2.08. 
Some inclusions below the polished mineral’s surface do not 4 
et al., 2020  
 
 
5. Focused ion beam (FIB) 
 
A selected inclusion containing diamond hosted in the olivine gabbro was prepared as an electro-
transparent thin-
le-
equipped with a Schotky FE-SEM and FIB Ga+ columns. The selected inclusion was coated with a thin slip 
-beam assisted gas deposition as a protection layer for milling and polishing 
of the thin-foil. Then, the sample was thickness. The 
thin-foil was then lift-out and transferred to a TEM grid using a Kleindiek® micromanipulator with a 
-beam assisted Pt deposition. Finally, the inclusion area 
within the thin-foil was polished u  
A second diamond inclusion within olivine from chromitite was prepared as a thin-foil at the 
iversidad de Zaragoza, using a dual beam 
 
 
nolab 650 equipped with a FE-SEM and FIB Ga+ column. For the thin-foil preparation, the thin 
with a Pt layer by means of e-beam assisted gas deposition for protection of the interest area. The 
preparation of the thin-foil followed the same process as described above, but it was transferred to the grid 
 
 
 
6. Transmission electron microscopy (TEM) 
 
The TEM study on the first thin- -
2100 LaB6 -
 -sight 
processed with the DigitalMicrographTM  
The second thin- e
-
microscope is equipped with four energy-dispersive analyses of X- r
-
-
selected area electron diffracti
Micrograph®   
 
 
7. Electron energy loss spectroscopy (EELS) 
 
The electron energy loss -
plus LaB6 
 - nm of diameter. 
 
 
8. Thermodynamic calculations 
 
lude super-reduc
graphite in order to simulate the metastable formation of diamond. The solution models considered were 
- - Connolly and Cesar her minerals 
involved in the calculations were treated as pure phases. Phase relations for olivine- 4-rich fluid 
- - 2-C- 2- 2 
bulk composition of the fluid inclusion-
74 1.48Fe0.52 4 2 -  
2 2 - computed in the C- -
syst -buffered fluid Connolly and 
Cesare, 1993  
  
 
 
Tables S-1 to S-2 
  
Table S-1 samples. 
 
Sample POT-2(II) POT-2B POT-3 
Analyse ol-1 ol-2 ol-3 ol-4 ol-5 ol-1 ol-2 ol-3 ol-4 ol-5 ol-1 ol-2 ol-3 ol-4 ol-5 
2 
 38.26 38.17 38.03 37.70 37.75 37.59 37.55 37.45 37.65 38.02 40.54 40.47 40.68 40.49 40.59 
2 bdl bdl bdl bdl bdl 0.02 bdl bdl 0.02 bdl bdl bdl bdl bdl 0.02 
Al2 3 bdl bdl bdl bdl bdl bdl 0.02 0.03 bdl bdl bdl bdl 0.02 bdl 0.03 
Cr2 3 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0.06 0.05 0.03 bdl 
t 24.03 24.19 24.23 24.15 24.22 24.78 24.33 24.70 24.30 24.28 9.90 9.96 9.61 10.03 9.70 
 0.35 0.34 0.36 0.37 0.36 0.36 0.39 0.38 0.38 0.38 0.14 0.16 0.16 0.17 0.16 
 37.79 37.76 37.45 37.34 37.47 36.80 36.80 36.47 36.86 37.25 48.75 48.55 48.70 48.94 48.74 
 0.15 0.14 0.16 0.15 0.16 0.14 0.18 0.15 0.12 0.15 0.27 0.28 0.26 0.28 0.29 
 0.05 0.04 0.03 0.02 0.03 0.03 0.03 0.05 0.04 0.02 0.02 0.02 0.02 0.03 0.02 
Total 100.63 100.64 100.26 99.73 99.99 99.73 99.31 99.23 99.37 100.10 99.62 99.49 99.50 99.97 99.55 
Cations per 
             
Si 0.997 0.996 0.996 0.994 0.993 0.994 0.995 0.995 0.997 0.998 0.999 0.998 1.002 0.995 0.999 
Ti      0.000   0.000      0.000 
Al       0.001 0.001     0.001  0.001 
Cr            0.001 0.001 0.001  
Fe2+ 0.524 0.528 0.531 0.532 0.533 0.548 0.539 0.549 0.538 0.533 0.204 0.206 0.198 0.206 0.200 
Mn 0.008 0.008 0.008 0.008 0.008 0.008 0.009 0.008 0.009 0.008 0.003 0.003 0.003 0.004 0.003 
Mg 1.468 1.469 1.463 1.467 1.469 1.450 1.454 1.445 1.455 1.458 1.790 1.786 1.787 1.792 1.789 
Ni 0.003 0.003 0.003 0.003 0.003 0.003 0.004 0.003 0.003 0.003 0.005 0.005 0.005 0.005 0.006 
Ca 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.000 0.000 0.001 0.001 
Total 3.002 3.004 3.003 3.006 3.007 3.005 3.003 3.003 3.002 3.001 3.001 3.000 2.997 3.003 2.999 
Fo 0.74 0.74 0.73 0.73 0.73 0.73 0.73 0.72 0.73 0.73 0.90 0.90 0.90 0.90 0.90 
 1288 1143 1366 1257 1310 1137 1529 1301 1040 1260 2309 2323 2178 2319 2468 
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Figures S-1 to S-7 
  
 
Figure S-1 (a) Geological map of the Moa-Baracoa massif in eastern Cuba, modified from Proenza et al. 
The inset in the upper right shows the location within the Cuba Island. (b) Schematic column of the ophiolitic 
Marchesi et al.   
 
 
 
 
 
Figure S-2 (a) Diamond-bearing olivine gabbro hand sample. The red rectangle marks the area of the thin section 
in b-c. (b) Thin section of the olivine gabbro. (c) Thin section of the olivine gabbro in crossed nicols. Note the 
. (d) photomicrograph of the olivine gabbro showing 
. (e) Transmitt photomicrograph of the 
(f) Transmitted light 
photomicrograph of partially serpentinised olivine with serpentine-group minerals and magnetite veins. (g) 
(h) 
Transmitted light photomicrograph of olivine hosting multiple trails of fluid inclusions with crosscutting relations. (i) 
Transmitted light photomicrograph – 
– – olivine, Pl – plagioclase, Srp – serpentine.  
 
 
 
Figure S-3 Electron microprobe X-ray maps of the olivine gabbro. (a) Fe+Mg element map of olivine crystals 
and serpentine veins cross cutting the sample. The black square marks the area of the detailed maps b-e. (b) Phase 
map of the analysed area. (c) Mg map of olivine. (d) Fe map of olivine. (e) Fe map of the serpentine veins containing 
– – – – olivine, Pl – plagioclase, 
Srp – serpentine.  
 
 
 
 
Figure S-4 (a) Diamond-bearing chromitite hand sample. (b) Thin section of the chromitite. (c) Thin section of 
the chromitite in crossed nicols. (d) 
intertitial magmatic olivine. (e) al olivine. (f) Transmitted 
light microphotograph of partially altered olivine hosting inclusion trails. (g) 
microphotograph of partially altered olivine hosting inclusion trails. The red rectangle marks the area of image h. (h) 
Backscattered electron image of inclusion trails hosted within olivine. The red rectangle marks the area of image i. (i) 
-like 
crystal is ilmenite and the bright dot is chromite. (j) Zoom of i showing a secondary electron image of the inclusion 
– chromite, Dia - diamond, Mag – – olivine, Pl – 
–   
 
 
 
 
Figure S-5 id inclusions. (a) 
hosted in olivine from the gabbro. (b) - (c) Image b with focus 
- lusions that are shown in b and c are different. (d) Z-stack in the area in red in b and c 
- - (e) 
patterns corresponding to the inclusions in the Z-stack of d. The colors correspond to the analyzed points showed in d. 
(f) -i. (g) X-
denoted by the green square in b. (h) X- y the yellow square in b. (i) X-
an map of the inclusion denoted by the blue square in b.  
 
 
 
 
 
Figure S-6 
–  – olivine, Srp – serpentine.  
 
 
 
 
Figure S-7 Diamond hosted in interstitial olivine in chromitite. (a) Field-emission scanning electron microscope 
- -scattered image showing the location of a diamond grain in olivine. (b) Detailed FE-SEM secondary 
electron image of the diamond grain cut wi (c) 
image showing the grains of diamond and native Si. (d) ELNES of C-K at the diamond grain, indicating the sp3 
hybridization of C by the pres e-g -ray maps of C, 
- – olivine, Si – native silicon. 
 
  
 
 
Supplementary Information References 
 
-titaniu
Contributions to Mineralogy and Petrology 14, 36–64. 
Geochemistry, Geophysics, Geosystems 10. 
Connolly, - - - Journal of 
Metamorphic Geology 11, 379–388. 
Garcia- erra del Convento mélange, Cuba. American 
Mineralogist 92, 1232–1237. 
González-Jiménez, J.M., Proenza, J.A., Pastor- -Solà, N., Melgarejo, J.C., Gervilla, 
F., Garcia- c Fe-Ni-Cu sulfides from the Potosí chromitite deposit, eastern 
Cuba. Ore Geology Reviews 118, 103339. 
-bearing fluid 
inclusions in olivine-rich rocks. Philosophical transactions. Series A, Mathematical, physical, and engineering sciences 
378, 20180431. 
Journal of 
Metamorphic Geology 16, 309-343. 
 
petrological interest, involving a new equation of state for solids. Journal of Metamorphic Geology 29, 333–383. 
Iturralde- - -Agra
GSA Today 4–10. 
Marchesi, C., Garrido, C.J., Godard, M., Proenza, J.A., Gervilla, F., Blanco-
peridotites and gabbroic rocks from the Mayarí- Contributions to Mineralogy and 
Petrology 151, 717–736. 
Pouchou, J.- del “PAP.” 
Electron Probe Quantitation 31–75. 
-rich chromite ores by the 
interaction between chromitite and pegmatitic olivine -norite dikes in the Potosí -Baracoa ophiolitic massif, 
Mineralium Deposita 36, 658–669. 
- and Cr-rich chromitites from the Mayari-Baracoa ophiolitic 
-rich melts and peridotites in suprasubduction mantle. 
Economic Geology 94, 547–566. 
Pujol-Solà, N., Proenza, J.A., Garcia-Casco, A., González- -Alpiste, M.J., Garrido, C.J., Melgarejo, J.C., 
-Ti-
- Lithos 358–359, 105420. 
 
161
Diverse origin and processes in the formation of diamond and other exotic minerals in ophiolitic chromitites
A4. Article 4

`
´ ´ ´ ´
` `
´ ´ ´ ’ ´
´ ´ ´
“ ”
= – = – 
“ ” 
`
´ ´ ´
journal homepage: www.elsevier.com/locate/oregeorev 
´ ´
“ ”
´ ´
`
´
— — 
–
`
´
´
´
´ ´
–
–
±
±
–
–
´
`
´
´
´
`
`
–
 
–
 
–
 
α
`
– 
>
–
+
◦
=
= =
`
μ – –
−
’
× ×
μ × μ
× μ ×
μ μ × μ
μ × μ
´
´
=
`
>
μ
μ
μ
μ
`
μ
< μ
−
− −
< μ
μ
μ
−
= μ
+
+ +
= – = –
= – = –
= >
> <
+
– 
`
+ + ++ +
+ +
+
– –
–
– – –
– –
´
–
–
– – 
– – 
`
Σ = –
∑=
∑= =
– – – – 
`
– – – 
– – – 
– – – 
– 
`
“ ” 
´
´ ´
´ ´ “ ” 
+
´
´ ´
´
´ ´
´ ´ +
+
> ´ ´
´
+ + +
◦
`
´ ´
+ ´
>
= ⋅ −
=
+
’ =
– + + +
= + + + + = + + +
+
´ ´
+
`
+ ´ ´
`
’ ´ ´
–
’
´
´
>
´ ´
´
´ ’ ´ ´
´
´ ´
’
`
– –
–
“ ”
` ´
>
´
´
´
´ ´
¨
`
´
˜ ˜ ¨
’
´
´
∑
± – – – – 
± – – – – 
±
±
– – –
±
±
– – – – 
± < + – –
±
±
– – 
±
±
– – –
´ ±
±
±
– – – – 
± < – – – 
± – – –
± < – –
– – – – 
`
>
´ ´
“ ” 
`
`
∑
±
± < – –
’ ± – – –
± < – –
< – – 
± < – – 
± – – – – 
± ′ – –
± – – – – 
± – – – – 
– – – – – 
`
<
◦
´
`
< ◦
+
–
`
`
◦
= −
Δ = − `
`
´ ´ ´
“ ” 
∑
˜ ˜
¨ ’
´
´
`
´
´
>
<
’
Σ
’ –
–
´ ´
´ ´
’ 
´
´ –
˜ ˜
˜
´
`
= – =
–
´
<
–
“ ´ ” 
´
´
`
´
´
`
–
–
´
´
’
–
–
–
–
–
–
–
–
–
–
–
+ –
–
–
–
–
–
–
´
–
´ ´ ´ `
´
– –
–
´
–
–
–
¨
’
–
¨
–
–
–
–
–
–
´ ¨ ´
–
–
–
–
´
–
¨
–
–
´ ´ ´
’ ´
–
´ ´ ´ ’
–
´ ´ ´ ´ ´
–
´ ´ ´ ´
’
`
–
´ ´ ´
’
–
–
–
–
–
´
–
–
–
´
´ ´ ´ ´
´ ´
–
´ ´ ´ ´
´ ´ “
” –
–
–
–
–
–
´ –
–
´
–
–
´ ´ ´
–
´ ´
–
´ ´ ´ ’
´
– –
´ ´
–
´ ´ ’
–
´ ´ ’
–
´ ´ ’
–
´ ´
’
–
´ ´
’ –
–
´ ´ ´
’
–
´ ´
’
–
–
ˆ
–
–
–
´
–
–
–
–
´ ´ `
´ ´ ´
–
–
`
–
˜
´
’
’ –
–
–
–
’
–
’
–
–
–
´ ´ ´ ´
– –
–
–
¨
–
–
¨
–
–
´
–
´ ’
´
´ ´ ´ ´
’
–
–
´ ´
´ ’ ` ´ ´
´ –
–
–
–
–
¨
–
“ ” 
–
–
–
´ ´ ´
ˆ –
´ ’
–
´ ´
’
–
– –
–
–
–
— –
–
–
’ ´ ´
–
’
–
> ˆ
–
´
–
˜ ´
˜
–
–
`
–
–
’
–
–
’
’
–
´ ´
´
–
´ ´
` ’
–
´
´
–
´
´
–
–
` ´ ´
´ ´ ´
–
` ´ ´
` ´ ´ ´
–
–
–
¨ ´
–
–
–
–
–
–
–
–
–
–
–
´
–
¨
–
–
´
–
´
´
–
–
´
–
–
– –
–
´
–
–
–
– –
`
–
“ ”
–
’ 
–
–
’
“ ” 
–
’
–
–
–
–
–
–
–
+ <
–
–
`
1 
 
Supplementary data 
Appendix 1. Analytical techniques. 
Electron microprobe analyses (EMPA) 
five- -8230 electron microprobe at the Centres Científics i Tecnològics de la 
Universitat de Barcelona - 2
voltage, 10 - 20 nA beam current, 1 - - 20 s counting time per 
Pouchou and Pichoir, 1990
results for chromite were stoichiometrically recalculated to 2 3 
according to the procedure described by . The measurements and the 
calibrations for chromite and PGM analyses were performed using natural and synthetic 
standards and are shown in Tables A and B. 
Table A. Standards used for chromite measurements on EMPA. 
Element Standard X-ray Crystal Channel 
Si Diopside Ka TAP 1 
Al Kyanite Ka TAP 1 
Cr Cr2 3 Ka PETJ 2 
Ti  Ka PETJ 2 
Mg Periclase Ka  3 
Co Co Ka  4 
Fe Fe2 3 Ka  4 
  Ka  4 
Ni  Ka LIFL 5 
Zn Sphalerite Ka LIFL 5 
Mn  Ka LIFL 5 
 
Table B. Standards used for PGM measurements on EMPA. 
Element Standard X-ray Crystal Channel 
  La PETJ 1 
  La PETJ 1 
Pd Pd Lb PETJ 1 
S Chalcopyrite Ka PETJ 2 
As GaAs Lb  3 
Cr Cr2 3 Ka  4 
Fe Chalcopyrite Ka  4 
Co Co Ka  4 
Ni Ni Ka  4 
Cu Chalcopyrite Ka LIFL 5 
Pt Pt La LIFL 5 
Ir Ir La LIFL 5 
  La LIFL 5 
 
 
Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) 
2 
 
Minor and trace elements in chromite were obtained at the Laboratorio de Estudios Isotópicos 
del Centro de Geociencias -
- omite 
analyses were focused on the masses 45Sc, 47Ti, 51 55Mn, 59Co, 60Ni, 66Zn and 71
2 
 
Table C. Results of repeated analyses of the GOR132-G and G15-28 (Mercedita, Cuba) 
standards by laser ablation ICP-MS and comparison with literature values. 
 45Sc (ppm) 47Ti 51V 55Mn 59Co 60Ni 66Zn 71Ga 
GOR132-1 34.5 1347 226 1154 104.1 1356 81.7 11.4 
GOR132-2 34.3 1340 227 1156 102.0 1330 78.2 11.4 
GOR132-3 33.9 1369 227 1138 99.7 1319 88.0 10.5 
GOR132-4 34.3 1366 223 1140 99.0 1294 82.6 11.2 
GOR132-5 34.1 1416 226 1145 99.8 1290 74.4 11.3 
GOR132-6 32.8 1422 218 1140 99.8 1284 79.5 11.0 
GOR132-7 33.5 1409 220 1137 99.2 1273 78.0 10.6 
         
Minimum 32.8 1340 218 1137 99.0 1273 74.4 10.5 
Maximum 34.5 1422 227 1156 104 1356 88.0 11.4 
Mean 33.9 1381 224 1144 101 1307 80.3 11.1 
Median 34.1 1369 226 1140 99.8 1294 79.5 11.2 
Std. dev. 0.61 33.90 3.59 7.98 1.86 29.48 4.31 0.35 
Rel. Dev. (%) 1.79 2.45 1.60 0.70 1.85 2.26 5.37 3.15 
         
Comparison of preferred published value and analyzed value    
Jochum et al. 2006 
(LA-ICP-MS) 36.50 1834 214 1193 92.70 1187 76.80 10.40 
Diff. publ. value &  
this studya 2.59 452.71 -9.90 48.79 -7.81 -119.57 -3.54 -0.65 
Dev. publ. value &  
this studyb 7.09 24.68 -4.63 4.09 -8.43 -10.07 -4.61 -6.29 
         
LEI (Mexico) 45Sc (ppm) 47Ti 51V 55Mn 59Co 60Ni 66Zn 71Ga 
G15-28-1 3.65 1128 1010 1162 210 1703 593 53.1 
G15-28-2 1.86 1085 977 1138 215 1481 586 51.1 
G15-28-3 2.14 1066 970 1119 211 1477 626 49.3 
G15-28-4 3.70 976 811 893 169 1248 479 43.9 
G15-28-5 3.32 1145 969 1140 207 157 525 52.6 
G15-28-6 3.60 1126 954 1137 208 1630 535 51.7 
G15-28-7 3.92 1119 964 1130 207 1591 551 52.6 
         
Minimum 1.86 976 811 893 169 1248 479 43.9 
Maximum 3.92 1145 1010 1162 215 1703 626 53.1 
Mean 3.17 1092 950 1103 204 1531 556 50.6 
Median 3.60 1119 969 1137 208 1587 551 51.7 
Std. dev. 0.82 58.0 63.9 93.2 15.54 148 49.3 3.22 
Rel. Dev. (%) 25.94 5.31 6.72 8.45 7.62 9.67 8.86 6.36 
         
GEMOC (Australia)         
Mean 4.32 1640 935 1041 189 1324 436 50.1 
Std. Dev. 1.11 114 30.8 33.4 6.07 136 33 1.85 
Rel. Dev. (%) 25.8 6.97 3.29 3.21 3.22 10.3 7.59 3.68 
         
Comparison of analyzed values rom GEMOC and from LEI    
Diff. publ. value &  
this studyc 1.15 548 -15 -62 -15 -207 -121 0 
Dev. publ. value &  
this studyd 26.6 33.4 -1.6 -6.0 -8.1 -15.7 -27.7 -1.0 
Ratio publ. value &  
this studye 0.6 0.6 0.5 0.5 0.5 0.5 0.4 0.5 
Note: Al of the NIST610 glass was used as internal standard 
(a) Difference between values published by Jochum et al. (2006) and analyzed values. All values determined by laser ablation 
(b) Deviation between values by Jochum et al. (2006) and analyzed values 
3 
 
(c) Difference between values analyzed at GEMOC (Australia) and at LEI (Mexico). All values determined by laser ablation 
(e) Deviation between values analyzed at GEMOC (Australia) and at LEI (Mexico) 
(f) Ratio between values analyzed at GEMOC (Australia) and at LEI (Mexico). Ratios similar to 0 indicate good reproducibility and 
ratios near to ±1 indicate non-good reproducibility. 
 
Paton et al., 2011
chromium values obtained by electron microprobe were used as internal standard for chromite. 
Norman et al., 1996
- Jochum et al., 2006
in-house secondary standard chromite G15-
during each analytical run to check the accuracy and precision of the analyses. The results 
obtained during the analyses of the of these two standards display very good reproducibility for 
-1- -
including element concentration, 1   
 
Whole-rock Platinum-group elements 
Chromitite samples were analyzed for whole-rock platinum-
-MS finish 
following the method described by . For the analytical procedure, 25 g of 
undissolved PGE sulfides and gold were collected on a cellulose nitrate membrane filter and 
-
ELAN 6000 ICP- rating standard solutions were used as standards and samples 
were spiked with two internal standards for drift monitoring. A certified reference material 
- -house standards were included in every 
analysis batch. The measured PGE isotopes were 99 101 102 103 105Pd, 106Pd, 108Pd, 
189 193Ir, 195Pt, and 196Pt. The results were corrected for interferences produced by Ni and Cu 
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Appendix 2. 
chromitites. 
Inclusions within chromite 
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Mineral Photo (example) EDS spectrum (example) Characteristics 
Pyrite 
 
*BSE image 
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Inclusions within the silicate matrix 
Mineral Photo (example) EDS spectrum (example) Characteristics 
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Minerals recovered in the concentrates 
Mineral Photo (example) EDS spectrum (example) Characteristics 
Millerite 
 
*BSE image 
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 20-50 μm 
 
+++ 
 
Pyrite 
 
*BSE image 
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*BSE image 
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Mineral Photo (example) EDS spectrum (example) Characteristics 
Arsenopyrite 
 
*BSE image 
 
 
Inguijem 
Monophase 
 25 μm 
 + 
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*BSE image 
 
 
Inguijem 
Monophase 
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*BSE image 
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 10 μm 
 + 
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*BSE image 
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 + 
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Appendix 4. X-ray maps of Bou Azzer chromite grains. 
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